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Abstract

By, looking at the simple task of tossing a bean bag from halai(] to liaiid. we sliow hiow tI lie Taco

operator met hod breaks downi w hen formula'i ug agent models Himii t ii rac wit Ii ;mi iinmcert a in

external world. A macro op~erator enicap)sulat~es a p~lani to reaicha ii objective. Occaisionriall v I Ile
objective will be found to be unachievable. requirintg thle nuiac 1 operator amid its phini to b~e rejected.

Letting the macro operator interact with the externial world dhoes not. b),y itsell. c limige thIis sit miat ion.

but the fact that the results of the interaction are unicerta in. and~ tw lagent s k how ledgew i ncompljlet .

does. The key idea is that the agent can t positively det erminiie if' progres,- towairds Owli ohj'cil"

is being made in the external world, an(l thbus errors will be iIalme ill rejectil ;I a inac to opera I or

that would succeedl. We show t hat t.here are a nulmiber oh' met hiod s by wIi icli lie a1gent cain recover,

from such an operator reject ion anid contitnue t owa rdl Ole opera t or's object lye. If we iiiake opera tor

rejection andl recovery' into a. comnmon niechian ismii . I hlen t Ilie operal tots an Id t Ilie phil lis Owey% reopresei
will be split by the interaction into a. sequience of' smalller operators each1 doing aI por-t olt of tlie

work toward the objective of the larger opera tor.

The modlels are dlescrib~ed in ternis of' Soar anid we avstite I Ilie rat(her's Fa1Intillia mit v witl I ot i t lice
architecture [Laird anio Rosenibloomn. 19871 and I lie P~roblemz Sp~acv ( omtu a)I~ t joizll~ Model[N el

0i al.. 1991] in our dliscuissionis.
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1 Introduction

In this paper we examine an agent interacting with tit a in iceriairii ext ernia world and~ how t his
interaction constrains a model of the agent. Ini parit ictilar. we look at atgent mnodels formirrilated
as problem spaces in the Problem Space C omnputational Model ( PS( 'I) [Newell (I grl., 1991] M ilt
implemented in Soar [Laird andl Rosenlbloomn. l987]. arid we aissilinie Ilie reaider is faiuinlia r withI
these systems. IIn both the PSCM and Soar anl objectilw (or- goal) is at definition of'somne stalle of'
both the nmodel and the external world. andl an operator is what causes movement towardls some
objective. Each operator has its own objective. that hopefully is aI step t~owir i achieving somie
larger objective. Given a particular operator. the amount of interaction It c-an (1o with thet( externail
world depends on both thre reliability of the external world ill produrcing aI response to a requested
action. and the speed of the external world in p~roduncing the response. Trhis Iiniihi on, tire( a non it
of interaction would seem to timit the size of thre oper;-tor's objective. wlii Ith IIe operattor is li vi rig
to achieve. However, we will show t ia~t inst eadl. an operaitor's objective c;an be sharedm ;rc ross ii iiriv
operators each miaking some p~rogress. Ini part ictilitr. given a Ii objective ti Ir is too lar~ge. \%-e will
show methods for automatically splitting ire p)rocessinig of the ob)ject ive intoit ( sequienice of .rraIller
operators so that the objective is still achieved.

W~e start with the fact that actions in thre external wvorld take iruie. d 11(1 irodeles t hat requ est

actions of the world have to (10 somiething wh iile thre external world is p~rodu cinrg aI desi redl respIi )is."v

Currrently. most models wait for a respoirse or check thait progress Iowa rils at respolnse is beirrgý
nladle. Since a desired response is riot alway' s p~rodurced, a. iriet od of' Ierrinimiiathin I It( lie alinirg, hrs to5
be available. The basis for this t erruinnat ion is at f~rin of' ex Ira st ion . amid Irhe kitow led-ge erri
fromt it call ie overgeneral. aipplvin rig other sitwilalions whel(1 waliti rig wor 11( be it orvw jIpproiqi nate.

However, we will describe ;I range of iletbod1)11 t hl (.;)I recovei r orn ;I an ) ir1i)h)t-ol)rii t v 1 erilijird lt (io
withI anot her op~erator t hat can reach thle originii a objecti ye.

rhIe comb~ination of t ertfiinat ion possi bly fl~loweud by recoveryl- we ca;ll .'pliftilir. S-plittirio is

rrr-tn tire strategy for a mnodel, arid is atir alterniative to inlrg,-e opera iors lim Irat,;itl Io u aciovinrg ail
objective. W~aiting still orccurs in svstemmis that split, lie( operator. H owever. Ilie %a ilrii rig io lontiger,
occurs within the nionolit hric operator. huilt rat her betwxeeri thle stiraller split oper~irtors. I' Iris al loxvs
wvork to proceedl on ot.her tasks wvhiile wait inrg. by suniplY pickinrg opera i ors for hosev t asks. I'hils
type of multi-tasking occunrs withiout thIIe tit desirable taisk cotirposit ion t hat occiurs wh len pic kinrg tIrhe
op~erators for a secorrd task withiin at large walitring opera;tor. ThIe uloxvtilsile' o)F splilt rl rig Is tie( extra

work (lone for recovery. Although a part icrla r Soair or PS( NI rirodel inii glt iniix split a ind rirtri irl IliiC
operators to achieve somIe peirforniaince goail. we wvill 'llow t 1;1t thle riiechliaiisiiis 1*or Iilarrdliri"ý >pli Is
dIire to failure of thle external world p~rodurcinig aI desired respoiilse 11ust- e~xist. ori' nlet r1vlod ofI

recovery frorit overgerieral t erriri nat bus 11111 st exist as weill.

Teap~plicationr of an operator is conisidered corn plefi'wen thI''qe r obr\i ij'ective-s Il;iax
been achieved. ThItrouighout, t his pap.I)er, a fnutuuuI iciri I it / odf I o*PS( 'N IIIA aId soaIr oper; Itiu or I I it I II S
a~ssurtmed. [Th ien a.oc ~5 N rSa ~~aiis s elctd.t i' iorriplet WIo ofthle'opeir~ltot

xviii not he inhibited by I he architect trre ol~i't her I lie I)S( (i or Soar. Filis i, or Mirrerfpr'I at ion of,

t Ire, definition of a I'S( 'MI operator itp )pIlica;t ion as -;kii vI'fictI ixi' hpro~iuillri fur- ai hitt w onK N4i'well itf

Thre fanatical coniiphet ion aissitiipt ion is whixy ornie f'inri of' hi'riiiuil iea n i'ir111;1iiiat i rlind

re c ver fro mir iv e r-g e n e mr l o )Ie rm ti r tvi'rr ii ri~ i th o ti ti rstis t t Ili I '%( NI . t1 o11du iu hi k \\ 4  I1 l ilo
alciii'vi'nnenit, of ;rt ohujvOc ix'' is knnn',r1 to bei tripiussi 1,11. I err tl 1114, 11po al"I(Ii .01 tI'll] lit Ili-- 11i .1( hilo v

iIf iat Ai) ec t i i tit list b e I vrrrirgt I ift v(I. Hlijs Ii'rrinrituiinr tihi efhhtiis u1i4' 4ihllu 14 u lxi C I1 0 fr 11)0't .1irl 111
I Ii if ei l If r t ir f)fsde e ()i 4 ftI " fg & , I isI uiushei iIipl'i Ii tit mI 1au 1(~. 1i nii i f I ( i f (ItIri f l~ii~i I x i I ~ 'h I di\I'.11 14 '



not violate the faniatical completion assumption. H~owever, if at mistake is inade inl applying tile
learned termination knowledge, then it must be possible to achieve the objective even after the
operator is terminated or the fanatical completion assumption will h~e violated. T[his is whyi somie
method of recovery is required.

Ini the rest of the paper we dlescribe how interacting withI the externial world acts its a force
for splitting PSC'M and Soar operators into smaller op~erators. W~e start b)*y looking at, how Soar~s
knowledge compilation niechiaitisin can cauise operators to sp~lit inl Sect ion 2. Sinice knowledge
compilation is within the architecture, these splits occur ini a miodIel withlou t Ihe Soar agent doing
any deliberate processing to invoke a sp)lit . Why' t his occurs andl how to recover inl these sittnat iois
is the major point of the discussion. Ini Sectiont 3 we dIiscuss the ufeliber-ate 51) I ifimug of'operators.
and the imnplicationis (deliberate splitting has for recovery. Ini genieral. deliberate split iinig rii'iiovvs
more information than architectuiiral splitting. mia kin~g soilmie formis o f recoverx' iiiore difflic ult. Thle
last topic. described in Section -1. involves PS( N I niodels t hat at( ri oi iig in iilt ipie tasks and Iinchi de
a goal of high utilization of the cognitive resource. Making t lie PS(M nI odel s utse of I ite cogiiit ive
resource more efficient means that, whenever possible. work onl oine of possibly uintilt iple tasks Is
being doiie. If a task's progress depends onl somei externial world response. thlen rat her than wait
for that response a different task should be workedl onl. We discuss how spliti itii helps achieve t his
goal. and also discuss other ways to handle iniiiit ipie tasks and their rela t io to s plitt iig. l'i iallv..
Section 5 provides a dliscuissioni of howv tihe."e t opics fit together aiid iiito thle emiera I P S(NI a nul
Soar picture.

2 Architectural splitting of operators in Soar

Soar is an implementation language for PSC( 'nIiiodels. Hlowever. Soar oiillv applroxiliiale ('"o~ilw

PS( 'N functionality. in particular PS( 'N learninlg. PS( NI learnimig occurs wh le ;i a iiiiipasse mIcC ii s

inl a problem space. the iupp( r prob~lem space. anid amuot her p~roblem~ space. the( loi)i' I- lprollein space
p~rovidles the knowledge that resolves t he i mupasse. Omitr simiiple miiodel of lPS( N leaninhg is: Lo4 wer
p~roblem space knowledge is t ransiatedl in to at jisehil iiui mled ia tely' a pplicablde form11 for tlie upper.
problem space. This tranislationi is assinned 1 () he pierfect . Ilowever. beca use the defililnt oul of
lPS( 'X knowledge is too vaguie. PS( 'N lea milii g I., also nlot well s'iecified . liiis 1., is l41 wit
attIempjtinig to implement. perfect PS( 'I lea rilinig wit lio it a nv iel ailed glidiulaice Ilroiil thle lPM 'N.
Soair\ learning mechianismi. rhui ukiuu; fails to 1)4' perfect inl cert aimi cases. This sect ioni uscrihes tilie
effects of t his learning faimi re onl Soar mnodels, a ud fhow So a r in1)4 els canil recover- front iistic Ii aI tailiire.

Chunking fails when the working inineiorv' imuforniat ion inl I lie uipper liroblvlin spa~ce iliauiges whlie
tlie lower puroblemn space is resol viii g tilie ininpilsse. Ilii pal)ric id ar. cli un ki iig assui iies thfat whlieu a lo we'r

p~roblemfr space decisioin is based on workinig niernorY iiioritiat ion ili the liipper lproblvlel space. iit her
fiat iupper problemu space hinfOrnatioti slit avs conlstanit, or thle results of lie decisioni ar o' ot uised to

(ouist riict. a chunk. We' will call a sit iiatioii where aI lower polel)~l'in space has iiiade a ulecisioti based
ON kniowledge inl the iipp4r p~roblem(i sp~ace ;uli( thfat iii form11at ion hits chaniged toIIv iMwallq1 Mtoits.'I.If WI.

Ivuinporallv. iniconsistent sit itat 4)11 (a;ll arise 4)11i1N if Ow4 pui rsis/v lic o)1 ;u eci.sioii 4'xc(e4'45 I ' or1,iginal
r''asm)is that siipp)4rtel the' de'cisioni.hAunik. creatw'i Fromin a telnipl-allY ilicmi.IIii ('1ii sit iiat ohl Is
Calledul. at? forl-i'mt. IflN II)TIW 1oius cliti uk becaiise aill thue workinig memiory lidwii onmat ion iiili '1 1ip4'r

hprobl)lin space u15P41 to ('4)1151rict thle (11111k is 114)1 presvinl at 1he114'Iinn' the cfuimik was, colustri1cte4f.

No~cmi~eiiorneuschiuiiks are' a lprohei'ii becauise 4 111 i 'y uiv 114)t a pplv 'i V ill the 's de4-(f sit uia-
tiolis. t hiuis caulsing aii illipassi' to) ociir again .. \A fiuiik's 44)lidhit iuls are fornil4'd frm~ii t 114 w4)rkilitg
ritiviniorY Miforinaioi thll Ifat ledv to) its crea'oit 41. lBY &lvfiiiit14)11. 14'thenil)4)rally Hirmisiist4ivit wo~rkingt
uinin'uorY kilortinatumn Is not ,ivailahue IIl the4 tippeir lprobflenl lpr4)4lvin ,pace'4 whoi'll 1liiv cliiiiik is, 4i4'ait4'



Thus. the chunk cannot apply to the exact information that created it. it call applY to similar
information if it is available. However, tion-conteniporaneoris chutnks riiiglit never apply, and thus
no knowledge transfer occurs. As an example. we later show a noii-coitteniporarieolls chunk as-
sociated with catching a bean bag where the bean bag hias to be ili thIe left biaid to lbe caught
by the right hand. This chunk wvill never apply' . Since persistence is required for aI tenil)orall.%
inconsistent situation to exist and persistence is anl attribute of operator aipplicatilonl. uiost non1-
contemporaneous chunks occur in learning operator application k-towledge. '[lie( failurjre to app)lY
during operator application usually causes sonme chain of dlat a dependent cliii iks to also fail. This
failure splits the learned operator application knowledge into two coniponreirts: thiose t hat canl apply'
before the non-contemporaneous chunk and those that cantiot applY. Thre non -a pphca tioii of t his
chain of chunks can cause an inipasse to occur again. Tne niet hod of recovering fronii suich splits
is to restore the context of the problem solving so t. hat Ilie operators that origi na llx' a pplied in Ilthe
impasse will apply again. The details of this process are tHIP nain subject of' 116is sect ion.

One important fact to note before we continue is that hle sitti~iationis t liat produ tce ii-oteriprar i

chunks are unavoidable when interacting with a (lylanlic external world. Persist euice is reurdfor
temporally inconsistent situations to exist, and Soarl operators show suncli Ipersist price. Thie pickingf
of an operator in the lower problem space c-an depend in pori external worldl objects a~ccessed vial
the upper problemi space. Sinice thle. external world carn cliaiige thiese unpper p~r iblemni space objects
at any time. and the operator persists and cail bo tested after t irese chlangeýs occunrred . we canl'
eliminate all the situations that p~rodutce chunks. Also. sinice thle ext errial world is cl~ia uing t lie
reasons supporting thle operator's initial proposal, we can't iii geiier il predict w wle t'ili poral lv%
inconsistent situationis will oc( ur. W'e can change thIe Soar archiitectlilre to imuodily t lie defitilt ionl of
persistence so temporal iniconsisteticies (1o niot occirr. Tlliis is calledl -StimpJort [ LaIird a;id11(1 flmna iil.
1992] and how it affects tHie topic of splitt inig is (heýscrilbed ill Sect ion 2. 1. Ihoweve-r. we will aIrtgue4

that S-support by itself doesn't ('hanuge tfire pict irre. ft( 1 just ;1 difflhr('iit firrerIa i.Il fo n r eli hrci iig hw
current paradigm. It is ain eaiger irietliod t hat (detects teriporall iricorisist ericies" forcig t ilie u1ser to

consider them when til hiv occur.r Noll cortetilporareoiis (hiiiiks t urnts outl to be ai laYirtv iiet od t ha;t
forces tHie riser to hiandle tenmiporal iniconlsistenlcie's whlen Ilie a1gent at tern pis to llse filie ina;pplicable
learved knowledige.

2.1 Cyclic toss task

We will ohisciiss t hese issites t liroiighll, te 'xatnrile ta~sk of tossing ; wabeiii bagz frionon )IrI auidl to
the other arid back, a cy clic toss. Ilii solving t his ta~sk. we will ulse I lle kollowing t, Hlme o~perfi or's:

cyclic-toss, toss, and catchl .A shiort (hescrilpti o)f oltliese o)perfit ors is, slio\iii iliir 1. [lie
definition of t he cyclic- toss opermlr to*ill [igu re I dosrtiiel ridh t re iiw Ildg ill\% it) -'et tire,

bean bag from one hiand to the othier, it only lif-is tille kirowedge- 1) rmote lliait tIre Iivrrierurediat -tate4

is achieved. When we dlescrib~e tire( execrit ionl of tIre c-Yclic t oss, I aisk, we~ will shiow t li (-Ycir- loiss
operator learning thle otlher kniow ledge req iiired( to aichieve its, d bec t ve.

Ini Figure 1. we rise thbe termis prycndtio~twi., find obpj c/Ir' to) (list iriuirisli port ioiis ohf tIrei cotilli
tions of the pfardrmctioris t hatl irriplerenet thfe opIerfator. P~recornditioris ;Irv a couirrim pnon ul~uriirr teriri
[Fikes and Nilsson. 19711. midt~ we fire rising it inl exactlY filie sanivrr rifrr iier ;is t i ufi jlnii ii iitý efilvriure.
Vrecotiditions are (lifferont ified frormn tire jpropo(sfil cmidifhtons for ;irr oluerat or. becauise aIir o)pertors,
proposal condlitionis state tli hatt is operfilor Is iipplicabluI. to t lie problenir ;it hiand . arlid tIrle pnr'(uri-
(lit ions state that this operaitor (*flur fippl~v. l[If(,ok 1)jfctiye is rirore closelY &rssociartv'd withr dile des"Ired

iriforriration rIs.tiallv pltt onl tire Soar goatl ti.1 filrr tIreact inl So;Ir ol. Hitu rrairie qdbect ye was pickedi
to a~voidl coitfuisiojn Witlli tOwu Soar Ilse of tIle word goal. S'plrat ri I liv So~ar goa -ml Irr Ile ulijlectye

allows fino' objective~s 1wi-sist('ricf. to diffOl.r Irorri t1r4, si iir goals aifhiect ii rallY d"liutdpeiterc.
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Operator cyclic-toss <object> Operator toss <objje-t > frmiii Operator catcht <,lijeit-> wit h
Proposal - <hand> <hand>

Problem space is Juggling Proposal - Propos~al-
<objectý> is jugglabie
The location of <object> is in Problemi spare is Fissing i'riilIint space is i''ssling

<hand> <object > is jugglable <11ibeir> 11. "zgglaile
<other-handý> is 4 hand TFie location of <object > is in The stattis,,f <i.bject > is fitoving
<other-hand> is not <hand>. <zaiy-hatid> iIward <hiandl>

Application - <any-hand> is a huand Precondcitionts
<other-hand> is a hand

If The location of <object> is in <other-hand> is not <ItaIl> Ill for'at tiii If I lie <,Jqvt > i
<other-hand> Preconditions - lotit 1an>

Then The internmediate state is fleIi'- attIll if it ,'* iet)i
noted on the objective The locationi of <,,bject> is in i, ise-toi <Iliaid >

Objective - Toss-twice <hand> Applicationa -

The location of <object> is irt Application - IfI t M[lie aIt f < il;Lllii> 11 right
< hand > if 'The nattle If < han i> is rigill T heni UAI ii -Ii itht <-IIIJ" iji

The intermediate state is notedl Then robs-right <lijeil > 1,, If Ilie iailm III :f hiand> is left
<otlier-hatidi> Thent C(I 11 i-eft K i IJI4 I>

If Thle nanric of <handl> is left O)bjective - ( a'tc-witiht-ha,ti
Then ross-left <object > t -,

<other-hatid> Hoe iiiatiin 4f tlhe <,iijet- > is ill
<1hand>

Objective - Thri w-ti,-it her-hland Itle stat its If <obljel I > is heild

The location of tlile <, Iiect > is

-Tile statuis -If <obiijeli> is tIlloin'tg

toward <,'thIti-hiatti>

Prefer the hand that has the o~bject Imtplement~ttation hitgglintgconitstsof rissitig

Rule - Rule -

If Two Toss operators are If Ani Itmpasse oiicurredl for ati Ii;)taltw drcoitng a I ask iii I he
possible one for each hand juggling prTob~lemi space

Then prefer the operator for the and all thle precondiitiions for the operator are tilue

)land that has the bean bag Thtenrt tr lie Fossing pr(Iiieitt space.

Figure 1 : Kinowledge for cyIclic t oss t ask

To achieve this persistence. objectives are recordedl oil tlie statec and! (al ot shtatrel. One ittaJolr

issue with I the recordinig of objectives toil t lie stale( is I le rettitnoal o f I Iiv'5t obtiflt tives. Rvl{elt viii tall

bie (lone with specialized product ions that rtictgtii/e whenaii ;lt objective hia.. ht'il auoleveil all t111,1

remove thle achieved objective. Trhese rt'illtva~l p roduciotnths ar fI' l ")lo( wni.

We have left. sonie knowledge ouit of Figure I boct~iust it I., nott reqIititiie for (ml (fim-lssiot i.
'Fie key piece of knowledge left out, is t lit' ope'rato~r su bgoaling kutowletlge of how objectives o~f
Ole' op~erator become tilie desired tobjectivyes ftor lio'nr operato rs. \\e aliso a*lss it'e poirt'Vt lt at lio

execuition in this section. Thuns tilit Tross action re('lilest s reliably t oss and lv (Catcth atI ion eluet
reliably catch. We reax this assumupt ion inl Sect ion :3. 11w ' tit or oletaik- ofi t ho kino iwlI'tson
inl Figure I will be explained when we describe tihe o'xetii iionl of t lit' cytlic to." task.

2.2 Task Execution

Figure- 2 shows file ''xectilion ofthe knowletdge lit Figure I aloing with Ii ,iui suiibE~taliiii.ý and1( conflict
resiut itio knowledlge. We will use 'it as ani exatuph' (ifl harninig anl tipiralttr apilifcalit o. tot)li
part. of Figure 2 consists of seve'ral snapshots of I lit' iuititles stalt' across Iimeo. h'ue( hot loinl pa't
of Figure 2 describes tI perobhemu solving that filie agent dotes to aohlitvv thle cYclic- toss o perat or.
with I ath stvit, iniarketh withi a Itt ter in a tirtct'. As shiown lii t het ivt lictoss operat~or Ill h'igitti 1.



Initial State Intermediate State-I Intermediate State-2 Intermediate Staite-3 Final (Goal) State

Problem Space
(name of task)

Select: Cyclic-Toss Apply: Cvchc-Toss (partial)
Ju(@ g ® Rgh adUI Note Intermediate State

i Impasse

0 © 0 0
TsngSelect: Toss Apply: Toss Select: Catch Apply: Catch Select: To%.% Apply: Toss Select: Catch Apply: Catch Tas~k

Right Hand Request: Left Hand Request: Left Hand Request: Right Hand Request Termination:
Toss-right Catch-lett TOS%-Ielt Catch-rich!t Success

Time

Figure 2: Execution of cYclic toss task

the agent initially knows that an intermedIiate state ( where t lie be(a ii bag, is IitI tIe( ttott-iilt ila hand
has to occur and he noted. Ellt the agent. doesin't know al itv ittore of' thle det a Is of Itow to do a
cy, clic toss. Thus. once the CvClic-toss operator is selectedl ®R al im tpasse ocuc irs. T~he ipriobleit -,space

chosen to resolve this impasse is t.he Tossing p robleni space becaluse of1 ligti- I*, I'IIIi-tilhiiat .1 gi

is implemented by Tossing (ý Ini this p~rob~lemi space. two toss operators ate( p~ropo~sed: to toss troutl

the right hand andl to toss fromn the left hand. Trte toss fQerat o- for thle i-iglit itatid is selectedi ( - ).

b~ecause Figure 1I's -'prefer" knowledge prefers th le hanid t hat hias thie Ieani bag. Thli toss opera t (i

apl~pies, requesting the bean ba~g be tossed to th le left hianid ®0. 1 veitlel vOre tl( liealc i ba~g gets it) thIe

left hand the catch op~erator is selected ais appropriate for li citchitng 1Ilie beart hagý Ii t ie( left lita id C®

Once the bean bag is cautght 0(; the original c *yclic-toss opet-ator iiotes t lit, Hittertiteoiat e state®01. atid

agyain we have two toss op~erators p~rop~osedl. T'ite toss for I lie left lliil~ aIi s st'l('t ed Ji). amid a p pivs JO.

Again the toss enab~les the catch operator to ibe proposed. anditi I- isvsele(t d o'ii. mnid wItelt t it'ieatl

lbag reaches thle right hand it apJplies (iXý lTe tossitig tas,-k is ito%% ttttted as Iteitig icitieveti itecattte;all

I hie objectives of t. le cyclvic- toss operatIor htave now been achitlved &t)V. 'I'lie kitsv,1( Iwelig a t describes

this implementation of the cyclic-t~oss operator ((10 toss front rightI . t i4,eit toss frotnt lelt~ ) is added to
the Juggling p~roblem space so tHat ilt sitmilar applicat itns of Itle cYclic-toss' opvrai o(i a tIi ilt passe

will riot occur.

Implementation Problems

In he bean ba~g tossintg pt-oblemu of Figure- 2 we selected t lie tosses bY tt Vig i.git teI1'*, rfr

kitowie-dge. If that, knowledge was retutloved froiti Illie systeit . t lien ,olitelet itt lld wouttld lib-ve to beo

ttsed to pick boetweer thte t~oss (rtigltt ) and toss (left) oplerator 05att Itt' two doci~siott p4 titti .litie:

shIows what hlappenls when the loss (left ) operat or is p)ickedl lirsI. perhal~ps bostie tttts-'tl

anralYsis was tised and the toss (left) operator resolves I Ie( last step Ii ;tcltieviitig tile cYclic- Itos.



Initial State Intermediate State- I Intermediate State-2 Intermediate State.3 Final (Goal) State

Problem Space
(name of task)

Select: Cyclic-Toss Apply: Cychic-Tkw, (partial i® Julggling ©M Right Hand Note Intr~nendiate State

~Impasse & ~ W

© Tossing VSelect: Tov Apply: T's, Select: Catch Apply: Catch Tasik-termination:
Left Hand Request Right Hand Request Success

To', leit Catch fwigt

Tossng ©(D) 0
Select: Tom~ Apply: Toss Select: Catch Apply: Catch. Ttask-termin~aon.

Right Hand Request- Left Hand Request Success
Toss-right Catch-lett

Ti me

Figilr 3:Cre ttatiton of a [ltoll-coitteltt pora iteotts (hit(ink

The problem solving in Figure :1 follows that or Figutre 2. butt atl 10 tite, loss ( left ) opera tor t

picked first. Note that t.he toss (left) operator has a precondIit ion ithat the beant bag is lii tite, left

hand. This precondition rnttist be true before it Can a ppl ' . Ii Fitgu re 3 ithis jpiPcott i Iiott ('alses

an impasse and operator sit bgoaling knowledge selects illhe lossintg p~roblemt space Ito iesolvv Itev
impasse with the goal beittg to get the beatn bag to the( left htand ®. 'Ut s I-h t~rto

selected © and applies © in t Itis lowestr problemn space. Sinc itl('Pt bean tt bg is tn iw ttiov i itg. t ile catcit
operator hecomnes selectable, and is selec ted ®. Somtet imie later. thIe bvll i bagl Is tct se (nl'Itt 1 tt o t t

the hand for the catch op~erat or to apply 01 I' lhe ca~tc~h operator miakes t he bevt i baý bv litt 11v loft
hand resolving thle task for t lie lowest problemi ,,p~ace (DI. anld allowintg 1)01 It I lie (cy lic-loI- o p~tlerator
to note the intermeie~ ate state ®j, and tihe toss (left) Operatotr to a pplY (3. A\s 1)e40re. thle twal it bag
is caught by the right hand. thle Tossing task is resolved D) and 11 li cYclic- t oss Is lea rlted

To an external observer, thle scenarios in F'iguire 2 an V11ligiire 31 aIre I the Sa ttte. a tt(l t he k now ledge

that resolves t hie cyclic- toss operator is si Iii ply to first. tos f5 ront thle right htantd and1( thele 5 tos ront Iite(

left . U n fort It natply. thle ('litiink created 1) Soar for I lie c 'vcl ic- loss Soar opera I o~r t'roitt t Ite, ;a plical (i ioul

of i lie catch (left) Soa-r o(tllrator lin Figuire 3 is iltappllicabl'. Thle ('real ion ol tlie loss teli t) opjerattor

dlepend~s iil)0I the( be-an bag beiing hield itt a htand, see l'ieure 1. If' Hi te bvai hall was notl bvitig
hteldl. tOwnr perhaps. a differetnt operator would be tprolptst(ld to a~chieve t1lie state of' holdintg thle 1wait
ha~g. 'resting t hat the biwan h~ag is leiving held mat~kes Ih lttoss (left) operator litt liu : 1 tle'tfItlettll
tI1)Olt the bean bag being itt soutte haund. W~leut t Itv beaul ba~g is losseul front Ihli ri~lt htaind. this
t1iepediittcv st~ill exists. bl~it it is nto lonuger true. Wev have itlemtporally iutcoitsist etit sit iiattiolt withI

rogards to the( toss (left.) operator. So when I lie applical ioit of thle catc 0#t41l~f ) olwral ot occiurs.
altot her chuink Is built thfat, Incorporates thle catch (left ) act ion requiest ;tdIit c thed.petdettcY IItha

fi



If The p~roblemI space is .1 iggliiig
the operator is cyclic-toss
the <object> is jugglable
the <object> is moving towardI the <handI>
the location of the <object> is not in <hiaid>
the location of the <object> is in <anii -hand>
<any-hiand> is a h~and(
the location of the <olbject > is close-to K haiid>

the name of the <hand> is left
Then catch-left <object>

Figure 4: Example of noil-colienin anmi knowledge

If The problem space is .Juggling
the operator is cyclic-toss
thle <object> is jugglable
the <object> is moving toward the <hiand>
the location of the <ob~ject> is not in <liaii(1>
the location of the <object> is close-to <hiand>
thle ntame of the <hand> is left

Then catch-left <object>

Figure .5: Exam ple of uiseful knowvledge crea t ed oil seconiid a ip

the bean bag is in some hand. Thus the catch (left) is dlepc~endent bot h ii poit the beam 1);ig iniit alidv

being held by a hand. from tne toss (left) operat~or creation, and being niovi ng m id~ (lose to th left(
hland at the time of the catch from the catch's p~reconditionls. However, the temnporal aspect of t his
scenario is lost. The chunk generated for the catch, as shown in Figure 1. req uiriies t hat t he hea i

bag be both moving and in a dhifferent hand than the left (catching) hanid. This is ha rdlv at goodl
situation for catching a tossedh bean bag.

The chunk in Figure 41 is anl instance of a non-conh iinporamtiuos c/iiiik ( see [ Laird i(i Ii litifi ni i.

1992]). It is splitting the cyclic- toss operator in to thle two port ions. Th'le first Po Ut ionl v'xicii ~s
before the chunk doesn't apply, miaking thev first toss of t lie, heai bago. '[lIe secoiid call*t ;ipplv
because the bean bag is not caught.

Thie main issue here is that thle cYclic-toss operat~or should tiot ('are wetir tile met hlod sh~own
in Figure 2or in Figure 3 was used for solving the cyclic toss problemn. The clitiik shiowi Iin Figure I
will not apply at the ap~propriate time because t he colildit ions will [iot niiat cli Iiiv J1-iligiI i sit i;Iationl.

Thuis the knowledge transfer for the cyclic-toss operator G-iiled to generatev effective kniowledge. Fl'ls
failure to apply cauises the cYclic- toss operator iii one Iprobl('in solvinig scena~rio. Figuire 3. to nlot be
as effective as iii the other. Figure 2. even thomghi nto ;I priori reisoul exists I() hpreler olie over t Ilie

ot her.

Recovery from split

Thie situation in Figure 3 is not. as bad ais it niiighit seemn becauise thle proper kniowleIdge Is
built when the cyclic toss is next, atteuuihpt~ed. Thlis happenls becaulse tOlw cv' c ic-toss operator1 waIs
implemented with I simpler Soar operators t hat worked entoi rely baised (it tIeI( sitlidt ioul ill tOlie lo
prob~lem space. When thle cyclic- toss operat or is selectIed so nietini lieil I( hll tre, aiihtlie Ow i bagII1)I
is in the righit, hiand, the first chuitik correspouoiuigii to tli rowinig tIeI( bviea imt hagIoiii I lie rIight hanid
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Execution Trace #I
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Figure (6: G raph of operat or- goal-dept Ii by lea ning I rna I

will apply. sending the bean bag to the left Iiaiid. ITle secondiim(i11k for cat chiti Ilie boaitba_
in the left haad can't apply because it requires thle b~ean bago to be inl the rig~ht hal id anld it Islit

Thus. anl impasse will occuri because thle c( %chic-t 05 hasn't comp 1let ed Ilt resolv-iig I Ill.- In hse.i
Tossing problem space is picked again. Siuice Thle cuirren~t situnatiton iuat ches lie proposal colii(itoils.
for ithe catch operator. it will b~e proposedl and aipplied. catc(iltig thle heaiil hag. ltisi1oi. hwvr
the cat ching requlest. creates thle useful clmiii k. siowii ili l'igture 5. for llte Sm at cyclc- I ( s (pe'r;IfM

Thus. in. this case Soar learits thle appropriate kitowledge ove(r tiult iple t ries rathler r hanl liii pl.y
from the initial learning situjati1(11.

Thie sI rategv used inl Figure 2 and Figufre 3 fIonf creat ifli -)oar Iliacro operat on> -'uluh ;Iscylc 4

is ver 'y powerful. If thle simuple Soar operators that defitie I lie Soar tiacr() opnto I'it her aw
work inl the Soar stiale( that the Soar miacro operalmo is workiuig iii. orI catIi always ('raleaivI
local state iinforniatioui. te betholi programn (-ai alwaY~s recove(r from ioioiteip ii'(t5clmituk,.

This is important because it enlsures an ''fVcled ve iitipleuneivitat onl of tie SC l~(q' prator. ,%I even I tie
p~roblem solving in Soar is more comnpIlex t han inl thle IPS(NI t utodel.

Figure 6i shows the iterative geuieratioii of ilicreasiiglv mgei(ratl chunik., ill ;t Iio( oipia

task of a robot pushinig at box (d(escribe(d( fir; herivi Il Section I I.[lie N axis' ii1 [iiti u' 6 coil l." Ilie

operators reqluiredl tod(1 the task Ili each trial. [Ilie, Y axis is tie dept iol 411' _noal ftack 1that existed

when the operator was prop~osedl. Four cionsecut~i-ve l''ariiiug m ilsOl I llo'a >iiu pr(Olh'ttt arl r4' lmIwii

l'lie prob~lem solving ill the first trial creates soiI' iii-ii bt h ~itloi lii k,. [lues (lifii k> 14)

not1 fire in the second trial. causing iltlJpasses to r''solvr' thioiisii ki~odwle . [lie new (chunik,
fronm the second trial are useful up1 to ihe poinit that t he *y. 1()q. becotlit fliol-4 [)It eulitporatuevoius. Iltis
process repeats itself until w(' have uisefuil jininit4'(iat knowledge av-ailabld at ill lo'ild of tinal 3 ai
do ftot, lived~ to imtpasse ill trial 1.

Failing to recover

W'hell ai iioll-co)iul I emij)4)ra is'4i cIhunk fails t44 ;ipjly,. i a )IR41ht4r kito~lowldg4 dl'i4'ii(14' mit 41Its actkl (ll

will also fail 1t) applYl. l44V'iigis mt lhi lt4('4ssatil v' eas ;'I., is l4cribh)4ul above. Ilie (lilhicill
'itiial ions o)ccur fii o~perato)r applicaition. Mieni aI (Imiltm 14 Ili 11Ito' 4 f1)iito ap ies. , m isiakimig molueI



Initial State Intermediate State-] Intermediate State-2 Intermediate State-3 Final ((Goal) State

Problem Space
(nante of task)

Select: Cyclic-Toss Apply: Cvclic-To, (partial

®uggling ®_7 Right Hand Note lntcrntediate State

~Impusse (D©
(Throwing V Select: Toss- Left-Catch- Right Apply: Apply: 'rak-terminatiin:

Requ st: RIuet uc'

® Throwing Imas©; S
Select: Apply: Apply: Task-ilennination:

Toss-righi-Caich-left Request: Request: Success
Toss-right Catch-leit

Time

Figure 7: (Cyclic toss with svninmetric toss-cat c1 operators

previous portion of the operator i napplicalble. If thle now iiiap1 plicable Jpor loll (I' lhe (i)erat or is

required for recovery then a lprolbleni exists. We can creatte suich ;I sit hat ioi bY miodiflvi ngt onur
example, so that instead of having toss and catch operators ini thle Tossi ng problveii spitce. we Ir r%

to implement the cyclic-toss operator with thle symmietric toss-left-catch-right aiidl Ios.s-righl -cal clI-
left operators in the Throwing problem space. We c-anl assuninc t hat, the Ihirowhing Iprolleuii space
operators were learned from the T1ossing p~roblemth space operators sonije I inie, ini the past. Tlis we
learned how to throw from hand to [land b~efore attemipt ing t lie c 'yclic toss. iil fort ii nat ely' . recoverY
with knowledge of this fornm only beconies poss5ible if we expiuiii oiur (IIrreiit mehods101.

We will explain why recovery is djifficult by goinug thIirough 0111' saiiie cycl(.ic tos )5 Xa ii ple. W\e

are assuming that the proposal conditions of thlese com11plex toss a 11( cat ii opera! ors aire the sainte
as those for the toss operators of Figure 1. anld t hat II~ li l cliacioli occuris xV lien[ liecl i

preconditions are t rue. Figure 7 shows t.he cycl(.ic- loss beinIIg doloe wit.1 thi .ese opera Itos aIssn niirig,
the left hand is tried first. When the left, hand is I nied ®. t iev sa thle iI to );d55 froiii F'iguire :1 of aiil
u nresolved precondition occurs andI leadls t~o th le loss- rigll -cal'itc- left oiw rat or bel hg hpic ked ®t iii

a new Throwing problem space. This operaitor ililplies tossing t lehea 1,iii Iag It) the lef t haiid ©
andl catchi ng it in the left hand ®. Once caulght . t.he hot! ton Ii hrowi ig Ilas k is t er iii iiated 0. t lie(
intermediate state is notedl @, andl the ls-ef-cl 'i-ig topera Ior (liuii low skiarl a p pivi g. 11

req tests thle toss- left act ion 8) alil theth cac-rgt ato T..gaiiii xviei tlie wail hag is hack
in the right hand, the task terminates (R. The lea~rniiig is very' 5iliuiila to t 1;1l 111iigiire :1. ;iiid a)

iin-oneipoanou chun k is (createdh for the c 'yclic- toss ovao o lecM1-et;cll.Ti
chun k looks exactly li ke on r previous cli iiik in Figuire 1.



On the next attempt at a cyclic toss that starts from the right hand, the first chunk for the

cyclic-toss operator applies; tossing the bean bag from the right hand. Since the second chunk can't

apply, an impasse occurs. The Throwing problem space is picked, but no operators are proposed.

Both toss-left- catch- right and toss- right- catch- left operators are only p~ropo~sed if thle bean bag is inl

a hand. Since the bean bag is in the air, no operators are proposed. This results in it new impasse.

but we have no knowledge relating to the handling of this impasse. so the bean bag falls to tilie

floor.

Not being able to independently catch the flying bean bag in the Throwing p~roblemn space is t he

root problem in this example. The knowledge about catching in the left hand was available inl the
Throwing problem space, it was just embedded in the wrong operator. Even if the Tossinig problem

space with our original toss and catch operators was available to resolve the im~passe. we coiill niot

have recovered. because the issue to be resolved 1w t his impasse is that nlo operat or is available Iii

the throwing problem space. To recover. somehow we have to extract t lie catchfing kniowledge alild

make it available in the Throwing problemn space in the formi of at new operator.

2.3 Generalizing Recovery Methods

This section describes how to write Soar mnodels t hat exhfibit the recovery caip;i bilit* v we ýtxw

in the previous section, wvhile avoidling the prob~lemis. Ini pa rt icuilar. it is (4 iic(Iler Ie wit Ii in l-

contemporaneous chunks that arise out of interact ioi Wit li the externial world. .No o- cont ('etn pora 114eou1.

chunks can also be created by strictly internal p~roblemi .ol vi ig. and the ~aime mnet in (ls lielp J)iii Ilivsv(

situations, especially if the problem stemis from plai nfi ig amid iisi ig k iiow 1e Ige abw nitlie ext ertiial

world responses.

Recovery consists of two parts: recou.s/ruclittq Hit rn(finl of' the( p~rob~lem~ olvi iig ii p to tIII(

point it was disrupted (i~e. wheni the ioti-comitemiipora iieotis cliii mk didn fii't i ) an d ron Iinaltin ,Hi
problem .solving after the dlisrup1 t ion. W'hen the learmiedl a pplica tion of tHie c 'ycli it-ltoss iepra tor

was disrupted by the non-application of the noni-conteni joraivi~')is climiik ili Sect iou 2.2's poslI t i

example, the problem solving cortnt imied uisinig t lie origi ii al proiblemi s olviiiug kii4w ledge. hin grit-

eral. non-contemporaneous chiunuks d is rmpt II( liemmii ed iate uise, of opera tor apjpli cat mk i 4 ld e

The disruption causes an impasse that a;tit be ulsed to learni kniowledge thIiat ca ii replace 14'ii' (ll

contemporaneous chunk. if the correct. 'onitext ca;it lbe created . lit Sect oio 2.2' nieg'ative ex a iiipie.

the context could not be createdl that woulld allow 11liv cat cli port ion (4 1 tle o- ih cilil

operator to apply. T[he context recotist riuct ion part of recovery has a dliii i1111u11tI d 41 )ilt iou" that

range from doing not ling, becatise all het( stateoe )wween hot i rI)-oletl) ,pa cv.,i "han '14) co~il-

pletely reconstructing the conitext in thle lower probleml space. Ill lie lit-st (ilsI' 1114' prohileiil solviiii!,

in the lower problem space duiplicates all its results lit tHie uipper lprobleiil ýpace. Hllis. wleli Ilie

non-contemporaneous chiunk refuses to fire we have lIrecisel 'y tli '(oulte4xt nie4'(led4 to~ p ro ceed4. lit

the second case we keep no0 initermediate resi Its bilt iii stead hiay'' tiit melod for recouswti-ictking Ilic

p)roblem solving whenever it is needed. We niow desc ri be t w()exam 1)14 sYst ('i s Ihal t 4aii be4 classi liedl

as (lifrerdnt p~oinits along this contitmi iin.

Sharing state

The cy, clic-f oss operator of Fi'gureY :3 is an exam pl' of .sharing thev majo r probl'nm 541,oIJi-g i i' uilt s )f

tlli' prob~lemu solving in at lower p~rob~lem space withi t he upper prob~lemi spalce. A\ liarvd p4 rtii ol~l

tli, state hoIlds thle problemi solving context.. lIn Figuire 3~ tHie slia red4 Jrolbleni :( ivi mig cI lillet 4\tIs 1114'

locat ion alm ( statu ms of t he lbeaui hag, aulld ilie fibj( H ici ofit11' -v Ii( -oss opl'rat 01r. Iliii,,ý; Ill aumiple Imllv



requires the perceptually '(vetermhinedl location andl statuis of thle bean bag. Wlieii the nimpasse occuirs
in the cyclic-toss operator the second time. the bean bag's statuls of 'Iznoving- is %%hfat enlables thle
catch operator's selection and thus the learning of' the correct knowledge. Ini Figuire 7 thle prolblemi

solving context for each of the catch actions includes the fact that the associatedl toss was donle.
Thus in this case, all the context is not shared, the fact that the associated toss was (lone is "-known"
only in the sub-context. Thus, when the impasse occurs after tHie toss. the svstein can't contimite
because it can't recreate this specific context for the catch action.

In Figure :3 the objective dloes not need to be shiared, to solve Iihis particuilar p~roblem(l. Thev
sharing is done for dlemotnstrative pupss since sharing of t he objective is reqIilired ll iii ore
complex problems. In some more comnplicatedl systenis ob)jectives are linked to iminplenienit aI liack
mechanism to focus the effort.

Replanning

At the other end of the spectrum. tile reconstruction process call re-derive (lie context inl trtiia ti101
as needed. Consider Mitchell's robot, that has the multiple goals of finding at cupl andl keeping itself

charged [Mitchell. 19901. The rob~ot determines ati action by p)lanninig anid t lheu re(jliost s I ite aIctionl
forgetting all the planning, knowledge involved iii picking that lparticiilar actioni. If' Nlii cliell 's robot
didn't learn, it would (completely replan for each action request. M\it chell iiia kes thils repla ii iii
efficient by having the robot cache tlie planning results as stimulus-response rules. 'Illhe conitohtions of'
the rules are generated through anl explantation-based generalizat ion of the origitial planitun~g. T ils.
the nuext time a similar situation arises. the cached ruile will fire providing thle act ion reque~st antd
make replanning unnecessary. What Mitcliell does not do is cache intermediate planning resuilt..
only the final ones.

Mitchell's robot is atli exam ple of redleriviiig thle context in format ion whlen it Is iteeded . Filpii re S

shows one possible lPS( I M version of Nlit chell's met hod learninig the c' yclic toss. Thle execit 1in~t

trace on the left shows th le plan ninig that initially occuirs and~ t he execti tionl irace ott tilie rigll ie~
application of the learned rutles. Ilit Figuire 8 ilie opera~tors are shiow iil in old. 'I' lie act l( )l req ilest.-
andl any state changes appear in noritial roinait foit t. arid indlenttatioln intdlica tos P10p i'S~illig Wit lil i

hie operator. The text in sans serif font. is thie planiting act ivit 'v. ( 'ha uges tIlade to lIe( si mit( '11t

the sans serif section are remiovedl w hen tihe ac tioti reqtilest. is aictniall 'v made. If a ii opera t or occuirs

wit hin another operator, thle su b-operator mutst be in t ilie context of at Sil)- probleni space.

Conmparing lie left hatid sidle of Figutre -S to I. he( cyclic-ts exml I ine2 hcil' oo
(loes niore planning to odetermine t hat, thle toss ( righit.) act-ioni req est. will lead I owar1d t ie object iye.

When the toss ( right ) action reoI itestr is niade a I-Id e is crea ted t hat. will requtest ;t I liii I;Ir aIctioul
in a simiilair situtationt. All t.hle riules c'rea~ted l ii Figu re S are very, si mila r to t he oh itinks ('reail eo
inl Figure 2. except that the intermiediate state informaltionl is included iiall lie (luiilks. Pliev
inttermedliate state informuation is uicliided because a, comuplete pl;uii is tiseil to (letv'i-itlile I lie a~ct jolts
arid Ill tilie comoplete p~lant the int~erinediate stilate, valuev is iinport~antt. Proceeding (downt Ilie left hitind
side of F~igu re 8, w hen t.he bean bag leaves d. ie righit hiand mnovi ng t owardl I lie leftlihanrd. Ilie process

ofdeternmininig t.he next action starts anew fromi thle c 'vclictos' oladilprena nweg
t hat the( beant bag is muoving t~owardl the left, hand . Tlhe p~roceoss relmiiilds w ha lever ('011ext is liiededl
to dletermninte that the catch (left.) act ion is thle next act ion tHat, le-ads toward I lie oh)ject ve anid Ii lts
sTiou 1( itow he' requested. A new roilo' for i his plait is no0w creat~ed. l~iiis process c( it ilt ties 111t1ii

lI I# cyclvrir toss objective is reachied. Thle r'ighti hanII~ Side of Figure S shtows I lie, ;ipJpicti iti of t li

It'arrueo rules, one for ea('hi cYclic-t oss operaitor. [hle c-Yclic-t~oss operator Is werviiig ais t lie goal inl
Nl it~chiell's systemt.



Initial Problem solving Trace Final Problem Solving Trace
(before learning) (after learning)

cyclic-toss cyclic-toss
toss (right) toss-right action request

toss-right action request cyclic-toss
catch (left) catch-left action request

catch-left action request cyclic-toss

Note Intermediate State Note Intermediate State
toss (left) toss-left action request

toss-left action request cyclic-toss
catch (right) • catch-right action request

catch-right action internal request
toss-right action request

cyclic-toss
catch (left)

catch-left action request
Note Intermediate State
toss (left)

toss-left action request
catch (right)

catch-right action internal request

catch-left action request
cyclic-toss

Note Intermediate State
toss (left)

toss-left action request
catch (right)

catch-right action internal request
Note Intermediate State
toss-left action request

cyclic-toss
catch (right)

catch-right action internal request

catch-right action request.

Figure 8: Mitchell's system - Always re-plan ning

The PSCM implementation shown in Figure X differs fromt Mitchell's work in Iwo ways. F1irst
Mitchell's robot doesn't have operators, mean i|tg thatt the Sti nu11 Iis- rospoltSe rilles applY in ititedi-

ately without any decision process occiurring. The(, orly issue this raises is Ihlal Some re(a;lSoD illt

may be occurring in Figure 8 (i.e. in Soar) between the (reation of Ihe operators. ;lltd 11ie selec-
tion of the operators. Mitchell's system encapsulattes this reasoning in Ole leflt-hanrd side of Ithe

stimulus- response rule. Such an encapsulation assuines that nto new goals or knowledge will chanuge

the reasoning process. The second difference between Figure 8 •and Mitchell's work is that act ion

requests are idempotent, that is they catl be req uiestetd itultiple t i nies and have I lhe sanlle ctt'V as if

they wre requested only once. Our action req uestls recognize the act ion has already beeIt requteste~d

arnd uses the recognition to withhohl the saine action eioing requested.

Mitchell avoids non-contnilporaneous stintulims-response rules b)v workintg fromt a stiap-shotl of

the world, having the only result bet lhe actiolt request. and always ge-p llnitig. Siice lihe works

from a snapshot, the external world cannot chaltge while he is doing the pla ntiing. eliliua iia., 0a1i
source of non-contemporaneous stinrunis-response rules. Sillt-e he has nio persisten'tt obHujts in his

planning stib-goals (lhe always re-derives tlie objects frotn lihe new slia p-shol ), lie has ('inlinaled
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the other source of non-contemporaneous stimulus-response rules. A Soar model can always (1d
the re-planning, but, as we will show in Section 4.2, this has implications for the imiuber of Soar
operators required to achieve an objective. A Soar model can also specify t hat all planning is (lone
in a snap-shot of the external world, though it is not usually (lone.

Making recovery work

Once the problem solving context is restored, then the original knowledge can automatically apply
and the problem solving continues. Creating a system so that this process (-can occur easily is mnore
an issue of context reconstruction than problem solving continuing. We have shown two ways to
reconstruct the context, both of them benefiting from the use of sniall operators at t lie base of t Ile
operator recursion. The smallest operators are those that do one change to Ilie state. aid tlien
terminate. Building productions from the small operators means that when an imlpasse occurs ill
the application of a complex operator, other operators can apply. Unfort unately. this only works
if the small operators are available in the problem space that resolves the impasse. This section
describes a method to make the small operators, and thus their knowledge. available again. t hrough
the creation of a new operator. The method is not automatic today. but it shows how a Soar tiodel
can be changed to work around this problem.

The lack of an operator arises because the impasse can occur imt lie imid(lle o)1f' tihe conplex
operator's implementation. Also. the impassed situation might not inatcli any of' the sill) problein
space's operator's proposal conditions. We saw this in Figure 7 after the iiiitial learuing. T'Ie
cyclic-toss operator impassed after the first toss Ibecause the cliiink to( do tle catcli diddn't appl lv.

The Throwing problem space was selected to resolve the im passe. but the propl)osal coi()litions of
the two operators in the Throwing probleii space (li(i't. match thle stale of tlie bea i bag beiii in
the air.

One way to ensure t hat the small operators are available is to (1o all t lie work wit hin a siiigle
problem space. However. inaking all the operators availal)he in onie Iiige pl)obleni space ipr(,cIi'(les
problem spaces* organizational advantages. Also. the existetice of' iult iple problemll spaces is nIot
the issue, we assume the complex operator's itnplehiental ioi was learned lby a previous t ravrsal of
the problem space structure. '[lie creation of a new operator will f, rce thlie proI)leihm space St .i ruct ure
to be traversed again. relearning the particular kinowledge I iat I is ap p ropriate to I hi.s iiew sit ilat ioil.

This new operator will also encapsulate this new kniowledge.

C'reating another operator could be (lone aiitoiimaticallv ill It le imllpasse tha!at occ'lrs Iwecauise rio
operator is available, but care has to be made so t(hat tlie irol)m5sal coiditiouis of Hie nlew operator
are reasonable. In this situation, we (lon't want to learn to catcli jlist any lobect . inlv th ose objects
thrown from the other hand. How to automatically vcreate t lie operator is beyorid I lie scop, of t his
paper. The robot work descrilbed here shares a co(' nmoil prol)lei|n slpace and Ifills does lo t hayaI tisl
particular problem. The work that has been ,oni in this area Iias created overly specific cliuiiks
that were linked to the particular objectives of the c'yclic-toss operator.

Flie reason for creating a new operator is that. I lie iiodel made a colil ,ni itei to a part ictiiar sel,
of knowledge in a particular set of operators, and that. structuriig Iias t ii rued o)ul to be wronig. It
is recognizing that the current organization of tlie kinowledge into operators is caausiii Ih tie problemh .
"[lie inapplicability of knowledge that, exists witiiii a dilfereiit operator list niveais I hat a ui4'iw
operator has to be created that can also encompass t hat kitowledge. p)o)ssibl0 y hIuplicati i .ig
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2.4 Eager vs. Lazy Detection

So far we have been describing how non-contemporaneous chunks call cause operators that dJo
multiple actions to sp~lit. Ini essence the problem is that the learning method in Soar dloes not
correctly handle non-contemiporaneous information. and the fact, that a temporally incOnsistenti
situation did exist is dletected only when the chunk fails to apply. An alternative approach is
to change the architecture to (letect when objects become nton-contemporanieous and take t he
appropriate actions so that a non-contemporaneous chunk is never c'reatedl. Such at change to
Soar has been suggested in a mechanism called S-Support (Laird and llulfiaii. 1992]. The main
difference between a Soar system without S-support and~ one with S-support, is when the fact
that non-contemporaneous information was used is discovered. A Soar system without S-support
detects this situation when an attempt is made to use knowledge bufilt on tiioni-conteinploranleous
information, because the chunk fails to apply. We (call this l(1Zi dletectioii. because It is haippeniig,
as late as possible. The Soar system wit h S-sn pport dletec'ts andl removes tI l nioni-*ont em ploraieois,)1'
information even before it can be usedl. This is ( (Uft r (let ect ioni. blecaulse it is ats ;ali s jpossiblo.
The purpose of this section is to show that earily detectioni also splits tIli operatIor.re iii plri tig sonlie
form of recovery as in the previous section.

S-support also splits

First we note that learning in Soar requhires ain i m pase' dm. forman i tnpasse. we iavei aup~e'r-cowi ext
(the impasse(1 one) and a sub-context.. [he creat ion of a no-o enl)i i' ~climink depend(s itpotii
the existence of at least one persistent stub-conitext 01)j('ct genlera edl troutl ;I Ii vi''4iiext I1 oby'

that has (changed since tegnrin.Ini Hie o,.amiple shjow,, Mi Jignie 3. 1 the persistentf ýiib-colit.'xt
object is the toss (left) operator t hat. wats created whejii lie bean bmg wa-;i iii tIi, ri-ght liand 't). 'ili''
bean hag's locationi is the ('hanged suiper-('ont ext object. S-supjIport i a1 pl-riio)~' 1ha' tO lie
Soar architecture that ('hanges the jpersistence rules ini Soakr to remov all sb-cowiext 441)ci 0pcI
were generated fromt changedl sule'r-cotitext objects. hltviio'~il of the14 tioli-cotit ('11iiPl';ti lilolis ob1)ectl
removes one of the ('oIIlitions ( p(rsistettce ) that allow it-otellrieis cliiiiks to) be creaited.

Thus. the Soar program c'annot create ai Iimi-comiemiporatioiis chmik. lo'e.hiirtlher probl'nn
solving might be (dependlent oni thle object tHat S-supor eoved. FOr. t11 pii-ob~lleuil soklingP li
continue at new similar object with S-suipport liuis to be creatled. 11wv priwes", 111;t tr1eat4's I lie' It'%%
object tiirns out to be- the samne p~ro'e'ss I hatl I ie', r''covrvi- imet 110(1 uIso ref-cotust rIluct t It(' co4 iri\te

after a non-contemtporaneous ('1111k.

As an examplle. in Figure 3 thet( original toss (1l4ft ) o~pert;ior Was.- dvi)('Iidevlt 11pon1 tIIe l)4'dni bagl
being in a hand (as seen ott Ithe left [in Figure 9)). Tlie rig4ht side of FiEgii re ¶1 14ow,ý hai li %hell t Ili,

bean bag appearedl in the left haid I this toss (flel' 0p4't'iitor- lost onwle mibemilo' 4i1 t siiper'coiit''xt

su~pport set, and thus would be lernitiiated by S-support. itieic;ite'elkby the -rev.....inl Fligure 9

Something that was not seeni in oujr simiple exatuiple was tHIt. whleitlie bean 1Ilu bl wals IIIt Ilie alir at
catch (left) operator was prop~osedl andl this ('at('l (left ) i)1)4'rMor is dv4I)4'i(14'it 11p)4)1 I Ilei bvl b'iit lý
beinig in the- air. However in oiuir original sv, stlIin. satice We li~idl wliMi ;wwii-ed 1i4(l too b ai pvI)'rfct lv
(Yool operator already selected thIiis new lpropw;a~l was ignii red. Witlli 5-mloit r ~ ti1 rr iniia ii~ih tIll'
original toss (left) operator, I hie new catch (left ) oper'amir cti he' selected. I iu. i'4Xailple' iii
l'iguure 3 with S-suipport. woilld learn all thle right cliitiks iii 1h Ii' lst pais,. a 1i4'rv hiiil like two

passes ulsed withI noti-cotiterntporateoits ('hun11ks. S-siiP lo' irt ssuIt ws Iliha P r(bluiiis will oc(1' irw liv'ii
it t4'tiporally' itnconsistent situiationtiiarises b~efore amlly 411)111ks are-( built. .Note t at lHie' itietlm 114(14
recovery is the same here- as when the' iioti-al)Ilicat iou 4) af ;iii-Ot 4'iprtio limiik showed a%
past temtporal inc'onsiste'ncy. [in the e'xamtple ill liguiire' :3 hot It ciis' s IaE tý 4454iet a1 lid l aplpl aI (-it (Ii



Super-Context Support Set Super-Context Support Set

Cyclic-Toss Objective Cyclic-Toss Objective '*

Toss (left) To s s J

Bean-Bag Location >Bean-Bag Location %th(etin Hand in Air

Figure 9: Changing thle s iipor-conltext su pport

(left) operator. Using non-conteniporaneoits chunks is laz *y because I lhe new cat (lit (left ) operat o1.
is applied at the latest possible time; S-support is eager bec~ause it aipplies it as soont as possible.

The interesting concept here is that recovering from anl S-support ret ract ion of sutpport is exact l
the same as recovering from a non-contetnporaneous chunk. Thus. S-support should not affect
programs that can recover fronm non-contemiporaneous chunks. and programis that (alit recover
from the loss of S-support to objects cantnot. rec'over front nion-,onit eiluporaneoti~is clhun ks. This,
suggests t hat S-support (does not change the set of effective So)ar lprogratins. bilt is. inst eadl. ani

implementation unechanisni that speedls upl learning by forcing Soar progra ins to deal withI thle loss
of super-context support immnedliately. The sittia~tion is a nalogouis to Ihle tY v *e vst em ill liioderii

p~rogrammfling languages like NIL. Thte NIL lantgutage states thfat al Iff)rogra itis will bo )e pe co rrect
Implementing compile-tirtte type checking it MIL is not a change to I lie s'et of va lid M~l 1, rogra iils.

it is just art implementtation ruecltanism that forces one( tod(eill with It tYf problems atl the cornipile

2.5 Relationship of the methods

WVe have (desc ri bed two methods (s-sitpport a ilnd nci it)i clmiiiks ) f r tlet e( tii h a t li-

porallY inconsistent situation, and two mtethods ( rejplalilliiig anid sliaritilg state) [*M. recmoeritig- fottil
the effects of such a situtationi. Thte reasonis for p~ickinig a detect oh and~ rev(ovt'rY u1itetod alre it1oh-
pend~ent . and thuis cauti be tijixed depeniditng i poti thle lti4( tdF.s reqit ireiluieii.".Io 'miiii a ri/.e:

Detection - Since this is architecturally defined we have a;ii eit her/or sItt it~io.

* S-support -

- Elarly (detect ion of te('miporallY intconisist enit sittitat it us.

- Faster learnitng.

- I ittecessarv work (lonte by archilet ((itre relinivilig it enis, t fat willl niot be used.

* Noti-con tentporaltivots Chuntitks -

- Late dletect ion of tetinporallv' ittcoiisistow titsit at iolts.

- Slower learninig. Oftetn ittitltiple lpr('sehtat iotts of' ,ainv prtildh'li.

-Necessary tnatchiing occiurrinig oni ilttl)4ssilble to ilse, 1 todlltct tis.

Recovery - hlere we have a spectritum oh opport Iutit ies. where thle ittodel's t radeolls.1 will deterttiittt'1

flie inix of replariutiug vs. state sharinig. T'his cant (taltge lotr (lilereril parls 14 1 lie inuolel.



* Replanning

- Assumes that all tile planning decisionis should be remnade for any new situations.
Thus the stability of the external world is low.

- Results in shorter elaboration chains as a reasoning chain is encoded in a chunk.

o Sharing State

- Assumes problems will occur.

- Constantly duplicating results, perhaps tiinnecessarilv* .

- Longer elaborations. each intermiediate result is encodedl in a (hmnk.

Furthermore, the recovery methods assume that the organization of the appl)ication knowledge
into the correct set of operators can be a problem. Trhe reorganization of t hat. knowledge ineans
duplicating it in some cases, andl requires the ability' to either create new operators for a p~roblem~
space, or to use the same operator in different prolblem spaces.

3 Deliberate splitting: Learning PSGM operator terminations

In our bean bag tossing example in Figure 2. we piir-posefully igiiored thle fact thfat, hle toss fromn
hand to hand takes time in the external world. In general thle external world takes timne to lproihlico
a response when an action is requested. When the external wvorld's response inile is iiiclided in anl
operator we call it the slazck tinic of the operator. An op~erator ia~s slack tuine when thle operator
reqluires a specific resuilt from the external world to coiit iniie aplpli viig. We explore ii this sectIlOu

how the external world's response timie a nd thle uincertainty of the (lIntratioui of t he response thinim
affects PSC A problem solvinig.

In addition to taking timne. thle external world niay not respond as expected. If a J)5( I op~eratfor
needIs a specific result fromt t. le ext ernalI world to coit iii ie. the lie l e lack of ti is resi It coni d ke~ep
this PS(1 MN operator from coninplet iig tilie -effective' flinciold th Ile operator I5sn -1ppo sed to colin f 'e.

Normally, an effective op~erat or teriminiiates w hen it Iias reached its desi redl ros it. To deal withI
the ii ncertaintv of trilie external world Iprol uciiig thle dlesi redl resn id. we (descri be thle need for all
additional class of PS( M operator knowledge. which we call ()p(rtr ItI/0 I FillaiudU. t fiat delitlies
w hen the operator has comnpleted . Operator t erinimnatiou knmowledge is ai dviia iiiic redefinlition of)l

tie PS( M operator's conm plet ion. Somnet inies t Iiis terini inat ion k now ledge will be overlY genleral.
applying at inappropriate tinies.

Wheni overly general operator terminiiationu knuowledIge a pjlies. it reiloves tflie, citoex t flt, lie
erator provides e'ven though flthe objective of flthe operator imiiglit still be achieved. Indeed. flie'
fanatical completion assuiniption wolildl have uis achieve t his objective. I'o achieve the object ive. we

will dlescribe a process simfilar to t lie recovery* fromu in(oieli~rill cliii iks Ili Soa r described
iii Section 2.3. 'rhie re'over 'v p~rocess againl consists of conllixt restorat 411aion (ali conifiiat ion withI

prev~imils operators. Ani operator p~rovides bothI a. conltext fir I lie internal chianiges to lIhe state anid
at context for comnprehendling external chanmges to the sftat e. Thlis is tlht, cmimmtext fliat is, lost wh I
flthe operator teruminmation knowledge applies. Ili t his sect ion we are hit ere~st e ii thle con11ext folr

coinnirehending external chaniges. because the lack o~f a imrt icnlar ext ernial result is whfat genierates'

t le operator termi nation anid recogn izinig ft.li appearance of Ihle external result is t lie key fO r whlen
to restore f lie, conotext.

When an operator has beeni termnimat~ed before ro'achiuig its object ive becautse thle ext ernial wotrld
odid not provide at result., we say it has be'en split by that to'rminiiat 10). .\IIl the )iosilIeadinig up1
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to the termination is the before-5jplit port ion. 'Illb restorationul of thle (0111 xt uipon rvcol.iiizilig IIev

result, and the continuing of work onl the olbjectivye of thle operatIor. is I lie aIt er-spllit p ort ion. Thiiis
is; very similar to the architectuiral splits of Sect ion 2. kWe wvill show I hatl inl Soar. splits oft this Ivpv
happen only when the external wvorld's results ai-n t. iniiiiiediat clv prod iced. becaiise quievsCeIce
is required for Soar operator tertminationi knowledge to be ut ilized. Thie dlefinit ion of whenl Soar
utilizes operator termination knowledge gives us a more dviaziiic Soar operator t ha t call adJjust to
the reaction time of the external wvorld, splitting only when reqluired by thle current external world
interaction. Yet this Soar operator canl still achieve t he originial PS( NI objective.

3.1 Actions take time

Figure 10 shows the problem-solving involved in leariling thle fir1st parit of thle cv' clic-t oss operator
from Figure 2 with the transit time of t he bean bag includled. Ilii Figurie 10. t lie agelt s fi rst act ion

request is to toss the bean bag from the right hiand Q to te lheft hauid. Ilie seco~id operator select emf
is to catch the bean bag with the left hand @. but this operator iiuist wait for thle lIeaii bag to

get close to the left hand to apply. As before. though it is not shown inl Figuire 10. onlly whenl the
bean bag is recognized as back in the right hand (foes the c 'yclic-toss operator termlinate. Ini t his
example. the movement of the bean bag from the right hland to thle left takes tinue. Thlis tinue is
conside'red to start when the agent niakes the action requiest. ( to throw t lie bean ba~g. and elld

when the bean bag is in the left hand & Sitnce the miovemlenit of thle beani bag takes Ilini(. thle agent
has to (10 something while the bean bag gets to the left hand so thfat thle catclh (left ) opferator call
apply. The simplest action for the agent to (10 is to wait. This is shown at t lie hot toil, of Vi i e t
as the execution of the check- progress operator in thle WXait problemi sp~ace. This new probleniv pace
is created1 in response to the lack of immediately available k now ledge to doi a n~vt hll,, II ese Ill ('it lIer
lie juggling or toss p~rofblenm spaces once thle bean ba g has been t ossedl. I' lie balsis f,1 1,01-11llil itill-

waitinig as the task of t.his p~roblemi space is fiat ali act ion req nest has, beenl iiadle ( toss ( righlt
The check- progress operator iii thle Wait p~rob~lemi space is checking that progress is being, mnade
toward the goal of the bean bag getting to thle left hanid. It is the presenice of th lia;ct ion requ est

alid the recognition of progress thfat dhefinies this impifasse as slack t inie.

Thie exam ple iti Figuire 10 shlows thfat resolving aI lack of" knowledge Cali lead 1 0 VNIt ernal XIwrbId

act ions, thle results of which are interpreted as leadinig t owa rd t ie goal state. l'fesv v pvs ol
external world requnests iisually ha ppen whein resol vinhg two pait ic ii a r tyvpes oif la ck of knouw fedtge:
anl inability* to apply an;Il operator (exactly' thle sinit liion ill Figulre 3~ where I Ilie precondilftionl of lihe

toss (left) operator is not niet ). and~ not knowing whlat act ions t lie operator ''I ioud r-~peil'stoI4re
lie objective ( thle sitinat ion in Figlirti's 10 and :1 fo)r t ie c vcfic-t 4ss operat 015). lBnt Ii have l t o ((Iiwi Ii

(deciding how to apply* the selected operator t4) thle state. IVS( NI operators uil1t ill I his way do v(4li)t

separate act ion requnests from the comnpr4Iehension of thle resul ts as bothI action req Ilest anid ro's ut
cornprehension orccur wit hini the learned PSM oNIpera tor. lFigim re I I sho ws t le con iplet e cyclic -lot

operator withI thle top left p~art of Figure I I correspo4nd inig to thle desc ripflt on Ili Figtire 10. an tilte
right sidle correspondIinug to th le final learned operator. .\ s in Figiur" S. 114' opera t rs Iin Figii r II

tire shown in bold( with1 the actionis done 1) ' vlthe operat or Ili a hlornial lIuit . Ilowevvr . lie wait inug
in a. sill)-plrobleni spa.-ce in Figure I I is shown ill Italics anud this will he I lie collyllt ionl it[ (Illis .\p
of figure from this point onl. Iti Figuire IfI bothI toss and buthI catchi operauiors are "lil-operators of1
lie cyclic-toss operator. Trhe waits are at. a. differenlt Inidentat ion level iildicat inge a subl-spacv where

[rogre'ss vouil be checked. Ili the first (-as(, t lie, aigent is wvaitinig for tl In Irecorli~lt onl (If ' Ow(at 41
(left) ope'rato)r to he4 1i4't . Figuire I I shows tha~t, thle c ' )55i toss)Oprat or will ('til ill) with Ii w slack
times that corresponid directly' to trIn' t.itiie It. takes the4 bean bag to) act iiall *v t ravel froni I In' r-ii~lit
hand to the left. and back again. It is the actuaijl p~re'sence( of th lie nar bag (huse' to Ilie hv'lt- liii 11

that allows thle actilon of catch~ing tlike beanl bag ill the4 left. hand to beIn' r lefosted . Il'is ineval 1s li
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initial State Intermediate State-i Intermediate State-2

ii 11Z
Problem Space
(mmil tf task)

Juggling Select: Cyciic-Toms Apply (partial): C~clic- rom
Right Hand Nine ntuermeduic Result

Towng Select: Toms Apply: Toms Select: Catch Apply: Catch
Right Hand (D Request ~ Leff Hand Lett Hand

1,jTovs-right W

wait Ips~
Select, Apply: Task-termination:

C heick-Progrem~ check progremsuceý -

bea-ba in Lett H-and

Time

Figure 10: Learning the throwing of a bean bag when toss takes tuine.

Initial Problem soltuing Trace Final Problemt Soltving lTite

(before learning) (imfier learning)

cyclic-toss cyclic-toss
toss (right) toss-right act ion reqtiest

toss-right, action requtest, Waiit for Tos.s ('entplt fmu

catch (left) ('atch-left act ion re~quest
Wait for Tos~s (Completion Note interittiedilte state

catch-left action request. t oss-left atct ion rei~iest
Note intermetdiate state I I fill for IMsý ( umlh hfitle
toss (left) cat ti-riglut actionu reqluest

loss fromn left actijon requiest,
catch (right)

Wast for Toss ('om pitc/or
catch- right action requiest

Figutre 11: Learninig whlen waitting for res potises

operator applicationt is siispette(lI witileý waIitinlg for thte requtestedl action of' tossing to thIe bel't handi~
to hP comrpleted itt the external worldi.

fit ottr examnpie, we simply~ chtecked for progress towards thle desi ret r''sui I d tiri ti thle ý,Iuc k
tinte. Section I describes why you might want. to (do oilier activities during this titite. atid gives thle
mnet.hods for doing so. Iti the next two parts of tIt is sect ion we dimsctiss witat I ha ~pp't if' (it her t lie
agent is able to de~ternfinite t.hat th Ie resuilt will never he achieved or- tlie rate of' progress t owa rds t ie
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result in the external world is too slow. We call both of these situationls opt ,l frtistaliwtol. IFile
knowvledge learned from operator frustration act to redefine the Soar operator's objective allowinig
the Soar operator to be considered comipleted prior to actually accomplishing the operator's PSCM
objective. This redefinition is operator termination knowledge. Other knowledge might also lbe
learned when learning termination knowledge that would restrict the use of the operator in simnila~r
situations. We do not considler that type of knowledge here.

* XWe show in the following sections that checking for progress is at difficult andl knowledge rich
process, given the possibility of an increasingly hiard to dletect dhiff'erence between slowv progress and
no progress toward some result on the way to the objective. However with thle fanatical completion
assumption, the PSCiM has z, qualitative difference betweeni slowv progress atiid Ito progress. .No
progress inidicates the objective can be dliscardled. atid slow p~rogress indicates t lie agentt shoulld wait
for the result because the objective can be achieved. Wit h a dimintishing difFerenice bet weeni slow
progress and no progress. mistakes will be made. Recovering froin these mnistakes uises techiniques
similar to those in Section 2.3. These techniques can also be usedl as tilie standard nitet hods to
handle situations where how to measure progress is not known.

3.2 Operator frustration over unachievable goals

PSCXM models can refine their knowledge by' interacting with the( externial world. l'lteSO 4'Xpi'i-

ences may indicate that some aspect of the original objectives is currentl lv iintaclijeva ble miid tlat
this aspect, and maybe the entire objective, shouild be dliscardled. Discardingi anl objective is tlot a
violation of our fanatical assumption. because it, is tiot all art-ifact, of thle PS( 'N or. SLCM'N atchiit c-

ture. Indeed, we will show dhiscardling object ives is thle finechianis in tihat lets opera tor a pplica tionls

continue to be effective.

As an example of refining knowledge, we will miodlify t lie cyclic toss exaitple showni lin Figure 10).
Figure 12 shows an attempt by our agent to apply t he kniowledge of cli osliing tisin at bIchin nit

balloon instead of the t rusty bean bag. As showni inl Figunre 12. 1 hlis a ttemiipt flails [Is isera 1) . I nice
the balloon flies into the air rather t han taking the si aiidta o t raject orvY to flie ( icr haid . Filhe
agent now has to (determuine how to recover fromn tble cuirrvnt sit iatalion a iid wilet I er t leit( alloitl
will ever land in the left hand. Recovery coiildl iiiclIinl grabbl~lig for lie balloonl. I'lte inniportaint
issues addressed here are bow t he agent learnis that. I ossi rig fihe balloonu tip will itot wotrk. anild wihal
actions are taken given that knowledge.t

To determine that the heli umi balloonl will niever coiiie tl w ii tilie agent needs kniow ledge t hi tt
might have been titnavailable prior to tossing the balloonl. It conulI. Itt wever. stigges t t liecxplalla niioul
that heliumn balloons don' come back dlown to thle sament local ioui Wit Inii knowledge, slitcli as tIi is.

Ito basis exists for believing t hat the balloonl Wvon t Ianud inl tilVie agetit s Iiitold soiiie liitte Ill tilie f'ltuttre.

Observation by itself is not enioughi to be sitre beca use we aite( ltooki ig att a cowii ii iois p)rocess. At

some time we'have to draw a line dlist itigutis ihing wbelieher t lie agent believes H ie halm I \%- t Ill cotite
dlown or niot. Once the agent lias decided tha;1 t ossitig a hleliumil ballooti wa-;s ;I hadidhea. t his
knowledge needs(1 tro he 115(4 to terminate thlis cltaiti of act ionls for aciliiviitg filie goal of juggling.
lI'llw catch (left) Operator needs to be auigmentevd witl fitlie kniowledge t hat It will be itieIfect ive

w lipnr attemtpt ing to catch a tossedh helintin balloon,. Likewise. t ie( c 'yclic-toss operiat.or tived~s to he
augmented because it will also never reachi it~s o jvct ive of a cyclic t oss ofit lieteliu iii hiallooit. Bot It
oft these aldditionis are operaitor I erinintat ion kniowledger. 01 ou rsv. ot heri kii w leo Ige coutld he lea rtie(I

hlat woulId Also refinte the cvcfic- toss operator andt( inibiti~ it wlivii I lie olflect to I,,, tossed was ;I

I rhe Kn a ('t ~oiitt. of cotirse. toss ithe lit-linit hallooit (town and catch it ;t, it r Iss. or ý.imli)licit Y \v( uLsn~inv' ur

494'"l, does not have t he knowlvdgfe that allows it to ioutsitlr 06 lri ni 4t Ipigliung.



Initial State Intermediate Stage-I

?11mediate 
State-2

Problem Space
(name of taW.

juggling Select: Cyclic-Tov%

Tossing Select: Toss Apply: To%. Select: Catch

Riight Hand Reque!t Left Hand

wait
Select: Apply: 0 0 0
Check-Progrem% Do nothing

Time

Figure 12: Frustratiotn when tossing it heliumn ballootn

heluiu balloon. We do not address the need to chattge thte juggling goal. because it is unclear thiat
it is unachievable. There could be other jugglalble ob~jects available.

Finding that an objective is unachievable (-an happen at any t itme (liltino I he lroivinit ovn

involved in trying to achieve it. If the problem solving is done corniplet clv itt t erna llv. thie Miiiital
situnation can he restored. The external world can not always het rest orvdl tt Ithp initial sit mit n tit.

handling unachievable objectives is mainly a in issue w heit workitig with Iiv t toxt erija world.

We (10 not treat this form of frustration fitrthItr andt~ have intcluidvd it inai iilY to shiow% t hat a
mnechanisnm must exist to terminate [rust rated opera tors antd t liiat Iti is niec ha iiis in niii nvited to be
knowledge rich. UTnfortu nately. even if the kniow ledge aivatiilible for det ertin iniitg thIiat 1hle balloon
will not return is i nadlequate, the cyvclic--toss op~erat or itn ottr exa inple in ist be t errit inted as thIe

balloon really won't, come dlown . Terintitationi of the operat ur withot lion isintg doiniaiii kniowledgef is
ati example of the second type of operator friust ration fruirist rtion over t lie lack of' progvress.

3.3 Operator frustration over lack of progress

lIn inaiy rasps of interaction withI thli extertnal world. it is difficitlt to tell whet her H it, ;migeii 'hioild
continue waiting for it result to occur or abaindoit tlie petndmiig operator. l'hiis sit iiat toi cani occuir

vither becauise the agentI has a lack of knowle~dge aln ii . how to ineatsutre progress. or beca use the
rate of progress is slow. lit t his tyvpe of slack tj1inet itti l~sse. I the external world has beeii reques.ted
to perfortm some action. bitt t lie changes (or lack of cliaiiges ) inI iv thvxteriial world do tiioi indicl~tv
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If 'Fle problem space is Ju iggliing aild
the operator is cyclic-toss anid
the toss-right action has been requlested for anl <olbject > and
the location of <object> is over the agent's, head

then the cyclic-toss operator should be considered complete and
any ob~jectives establishedl by cyclic-toss shlouldl be renioved

Figure 13: Example of over-general operator termninat ion knowle(dge

that progress is being made towards thle objective associatedi with Iilth act ohl.

W~e can modify our tossing exam pie to create anl externial world s-itinat ion of this, I y p of' by tlv n

the balloon to thle bean bag. By changing t he relationshiip of' the balloon's lift andi( drag to thle beani
b~ag's weight, we can cont inumously vary how long it will take for I lie beani bagý to ge~l from i onie hiand1
to the ot her. and likewise the rate of progress of thle toss. Thus. we c-an ewiiure thfat lie conlibi nat iOn
of balloon and bean bag will get. to thle left hanid. but thfat it will take a ii a rlira rilv long t inle (we
have a similar situnation when we are jurggling a lieli n i balloon 1)11 (lollt havye kniow ledge a b ait
helium balloons). At what point dloes tilie agenit give uip" And1( wihat is it giviilg ii p11 oli h ,s~si ng.

cert ainly. but w hat oth11r comnponent s of thle situia tion are (conlsidered linii 1r11anlt'

There doesn't seenm to be aI sinigle aiiswer to whenl lhe agent ;lioilld give 11p. 1:11 rt her, no( basis,
exists for expecting that, when juggling thle b~alloonl. tIke balloon sioiild he, (olisidleredl tie cawuse

of the decision to give upl. It (could( be winid or alYnyiumnber of' ot her lIteis III thsit, nItat iou thfat
are identified as the cause. In short . with no knowledge to help. thle agenti can't determinle how to

assign crediit or blatine. Ili our case, if t lie lieliutil balloon cannot be aSsigtied blame for1 t lie problem.
then the terminat ion knowledge migiht be aipplicable1 as soonl as a iiv object 1.s tossedl

TFie agent could take the radical approach of termiiinat ing the operat or aI.- ýooli ats- it hi tids hlat it
('aliot eaurean prgrss.'lhis approach has two prob~lemis thlat canIl be \6l1i1 rtdwtIjgling0

lhe balloon b~eanl bag conllibial ion. 'FThe first is t hat when thle lballooll beani bag. comlbinlationl coll

(downi in thle left hand thle agent should be able to recognizelit thislIlp event occurrev1 becaulse tie
balloon bePan lbag combnlitation was thrownvi ini thle p~ast . and t hat t his thIirow was part of a c ,yclic

toss so that the b~allooni bean lbag comini~hat ion catIi be tossed back if' it is still appropriate. I'll]., is1

a (direct inference fromt lie fanatical complhet ion assumpllt iont. Vhi'e fact thfat tile l):llooii did come

down means that the operator did not need to Ito termniiated. and lo~is thle learned termiinat ion

knowledge is over-general an u1( iii fort it nat ely will be applicable iii wthot' sitha tio ts whoietewi i

('0111( possibly lbe miore app~ropriate. .Aiiexampille of' over-general tetnliniatiou knowledtge for thle

cyclic toss operator is given Iin Vigutre 13. w here, an iitline t ie object beitig t o'so'( goes over tile

agent s head the cyclic' toss operator will be considsered cillpleted . Ill the n~ext 'ect olo wev will

hiriefly touhoi('l 01thle prob~lemi of recoverinig fromt aii oive r-g flMNIIooral o (jiltoPerthiniat(llo to reaicli the

original objective. Recovery here is similar to thallt in Sect ion 2.3 antdu it inea is -,vtl t ilg ) thle

C'ond~it ions so t hat. work onl thle original object ivl' cati ('oillille. Thie secndoo profldeiti is a oriiM11 0
lie masking problemi [Tlanbe aind Rosetnblootii. 1 993. Sitice i lie ageti tlll s I~n 11i4 1 setlixperiven'~

in thle external worldl to) 1)1111 ill its k nowledlge base. ,otiletiuei tlieeIl ilii t horo tie agewli tw\oul d wai?

to creatle miore spe('ific knowledge that litlizes thle expanded kiiowledgo'e base. Ihowever, tlie oiia
termination knowledge will mask the tnew knowledge beca use a Ii Im passe' will tiot o-cur aflowing(1

the( tnew knowledge to be utilized. We will tiot address thle tinaskitig probleti Itirt her Iti t his paper.
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3.4 Recovering from an over-general operator termination

Terminating the PSC NI operator means that the colitext th jiv'oprator provides is no1 axvailable for
interpreting what is happening in the external world. As an exam ple. sli p poe a Id gli toss oif a heani
bag, comes down in it o thle left hand some t ime after dhe cat ch (left ) oplerat or anti (I(y('Ii(''s- I op~ Jeraiitor1

have been terminated by t he know edge in l'igur 1e:I3. flow does thie agenti kinow to (coiltinuoi withi
the next toss? To continue, the agent has to tijidrsi anmd that t his change, in thle ext ermal world is a
result of the toss (right) actvion request and1( is part of a cvcc-tinoss. Ihius to uii ldlesianme wljat h le
bean bag coming into th [lhand means, the P S(NI (comitext has to be rest ored; t hen thle p:rocessi 'i!g
c-an continue if it is still appropriate.

In Sect ion 2.3 we showed two (lifferen t miethlods for restoriing- tlie, prob~lem iolvxiunga context after
a non-contemporaneous chumnk (lidn't apply. that let is recover from t ie tlisruil~tion caused by the
mion-contemporamicous chun11k. Once the context was restored. thlen lie( piroblemi oelv'iu!g (-(titiited

naturally, v and thle objective of' the operator was acltevl Ulie lurst mnet hod( restored t lie miii ext
via re-planning fromt thle origial oh ctkies antid t lietiew situiation. Tlie secotid Iletlituod wri irtialix
saved thle state of thle planning act ivitv so thfat thle l'rolblei solvin tý itit ext wa, liniimedia tel v
availa ble wvhen lie disruptiom occurred. 'varations of bothI thlisp i"iietlos can he ii et in recoverul!hg

from thle over-general operator frtist rat ion knhow ledge. proid~'inig is iagalin wvith i a cotitjnitinuu in
solumt ions. Re-pllamining is exact ly the samie as ini Sect ion 2.3 anid generates a ine w cn ext t hat
is like tlie(- old one. (IiIferen t only iii that new sv nihols iimay he geiieratedl for t ie saitie objects'.
However. t he met hod of sha riii state Wi Sect ion 2.3 doesn't wvork tlirect lx h eca isP tie tteri iiinat itut
knowledge remioves all trace-sof thle teriiminatedl operator. mInstead. before tI~ lier(heat 01 is ermiiiiiat ed.
appropriat port ions of' lie contex can be niniieiirized. The ineuiiorized ('(tilt ext cani the biei le isetl
to recreate the context at tUli correct timie. this iiieuiOi'iat idi anid ire-crteatioil iiet11(1( is, ~imilar
to thle shared st ate of Sect ion '2.3 becauise thle probilemt solviiig_ ('out iiitie fromi whlere it was" Sh ppftl
withbout re-doing, ativ of tlie( ptlaniniiig.

Restoring the context through planning

MIit chell's robot sv, stvem [Mhitchiell. 1990] architecturally plain,, iitil anI act iou isý kuioxxii t(i 1wt

onl thfe pathf to achieve thle gý,oal. t lietil it alxvavs terluiimiat t ie operatlor. amid i'e-pliiis for theI(' exi
aiction. iogtire showed %litcliels sv, steuii learintilg lie cyclic toss, girltIe(Xela
i'i'5j14)ts( t imite. l'igure I I shioxs Iliuxx' a lS( iliiplemiielltilla ioul ot Mit cli(llsii't, Ilithol xwould learii liev
i'vtlii'-tt ss operatotr whieni 4,t'xtI'miil xwotrld responsew t inn'v is cotlisitlete A., ill Ihe prhii'ltlt ()Ivill,-,
fract' xwhire ihe agent waited. lFigtire 11I. th le(ft hianid ,idve of' i ii( I I Ilow"' Ilie pritb'ivi slx'i
t race' xwfile learning and UP lie ri ht anid side Atioxv it alter' eat-mugl(. lIn figut ie I I thle cyclic-i oss
operator is tertiniiated ats -somi as- aI real actiion request is mlade. lihis puits wait igl. Io'm it rt'e51 t (se'

ouitside'of any of thel operators. ais sfiown imi Fitiime I I byý tie lack oh inii~h at iiin.

Re-creating a previous context

Flit' ('outext tfliat nuo'ds to he restored lbx recov-erxy tticiiil(s Owli ( Ohlect ixes (I'l 111 i' twrtalti
tlie, '-oalI fiat describes %%ihat t ii', operator is, t 1ýixi--' to '11nliiex' I 'iiid. pit"ihtlx'. (tie -111 at i'ifo~lIiat~-
Iionl. Ili1v act tial opIer'aloir dliiPtit livedlo ibe le'iettti'O'i if procv'(i('es Iui (Ii Ith' tt jftt xI (ik4 ai 4ttitl liltie.

Hestotimig t lie o'oifiteXt \Vl0e1it a estilt is ohiso'rved I-ie(1 iii's 'oio'uitet fiotI()ol~Y o ll 1 ' ii/tt wlieii
ani o'xtf'riial ('hialigo' "hiouili ho' ctuisidvtred a rvosilt. Ilis, nitit udoleti!, ('dili hoe kuntleoiltrt' (iiil iiid1
a.issinipiitioii'ri'hi. ilssimningtý Ili' tfirst ols'xf le 'haiig( illill te texir'rial worl-d is, th ri-' '1ti ol' t lit



Initial Problem soltung Tr',ace Filial Proble In Solving' liact
(before learning) (after U a in ny1)

cyclic-toss cyclic-toss
toss (right) toss-right act ion roqine-st

toss-right action request Wall for TIoss~ CuIpletion
catch (left) cyclic-toss

catch-left action request c'at~cli-lefa wtioji requiest
Note Intermediate State Note lIiieriiediat e State
toss (left) cycltc-toss

toss-left action request to'e,-left act ion reqiuest
catch (right) Wall for lTo.s Cmainph liona

catch-right action request cyclic-toss
toss-right action request catch-righit act iOn requiest

Wait for Toss Completion
cyclic- toss

catch (left)
catch-left action request

Note Intermediate State
toss (left)

toss-left action request
catch (right)

catch-right action request
catch-left action requ est

cyclic- toss
Note Intermediate State
toss (left)

toss-left action request
catch (right)

catch-right action request
Note Intermediate State
toss-left action request

W ait for Toss~ Completion
cyclic-toss

catch (right)
catch-right action request

catch-right action reqtuest,

Figure HI: Learnting when alwaYs re-jplanliiiig and act ions talke linle

requtested action. Trhe methodology call also tse va riois kiniw ledge 5( IllrC('S. S11C ii , as l- revioII ills (

rience in this domain. or ani internlal model. 'Ilie, key, is tno tIV lIerestor-ing Of tII l Oie (itt e. for that is
available at the time the termination knowledge is le 'arnied. bilt ratheir recognizing hIrI lit lIhe coit ext

should be restored, as this situiation is not a~vailabte wheni the t eriiination knowledge is getierat ed.

C~reating the expected situiation andl thl linusing this crevatedl silt natlio as t lie soreof kntowl-
edge of when the restorationi sliotildl occir. is onie xva v toi geiierate lii' restorat ion knowledgev. III
our example, the expectedl response is the beanl b~ag (or. balloonl) In t lie lefl handl. WO~ waitl thle
recognition of this response to lead to continuinig the cycl(.ic- toss5. Io coiit iliv le th cyclic tloss we
needi to install the toss- twice objective and iiiark tOli objective to indicatvi lie object lilis (0iiilolet d
one toss. Thus. the. restoration knowledge imighit be what is showit iii l'igiiure 15. [lie knowledgev ill
Figure 15 restores the context. that. was available when tli Illeoeraltor. was t rn a d.Once revstored.

h fe catch (left) operator canil apl *)IY. comipletiiig thle nevxt step t wards tIll oii pel(iiral hitS I

tive ((10 cyclic-toss). The objective call bev reiliovedl 11 I necessa rY. bY tlt1v saivu inm')((,S des"criln'd Ill



If The problem space is Juggling and
the toss-right action has been requested for an object and
the status of the object is moving
the location of object is close- to < hand >
<hand> is the left hiand

then the cyclic-toss operator should lhe prop~osedl withI
the toss-twice ob~jective installed ats a sub-taSk of juggling

Figure 15: Example of over-genteral restorat 10(1 khnowledlge

Initial Problem solving Trace flinal IProbit it, sollunig r
(before learning) (fifi r ltarntinq)

cyclic-toss cyclic- toss
toss (right) ross-right atct ion rvqlntst

toss-right action requtest /la ilt? Strt'is
catch (left) W1111 for IbOs ( ttoiple tt'ii

Slack timec -starts cyclic-toss
Visualize- result (of toss) cat el-left act ionl reqIitfst
Build- Recognition Note intermerdiate stalte
Build- Termination loss-left actionl rt( 1iitsl

.Slack time continued ,Sluk tim ( starts%
lVazl for Toss C'ompletion II nit for J.s ( 'inphe 1hu

cyclic-toss cyclic- toss
catch (left) earch-right actiont reque11st

catch-left act ion request
Note initermtediat e slate
toss (left)

torss-left, 'Action requtest
catch (right)

Slack 11711 stairt..
Visualize- result (of toss)
Build- Recognit ion
Build- Terminat ion

Slack time coiitinuiid
Wadt for 'Foss Completioni

cyclic- toss
catch (right)

catch-right. actiont requiest

Figure l16: Lvarnitig wlien -savitig plan tiiti ltate

Section 2.3.

Note that, just, like the termination knowledge itn Figure 1:3. It le restnra t lot knutwlu'dge h'ow III
Figture 15 is ovvrly general. Somne time inti th futuIre. whien Ihli agetnt is Juiggliti and lie, PtuEglvdl
object is close to the left hiand, the agent, will suiddeily hlave tlie "oal oh doitig I ite lastI half o)f a
c vc Iic-toss! The polemhlri is that thie resto~rationi kniowledge is not linked to t14 lIenit ial opuerat or'or. to
tlie speciftic ty po of juigglinrg goal t hat le-d to I lie cYclic- toss operator beting ptrhosedh Hiis litikat.e

ca;n eit her be explicit. coniveyedl t hroutgh somne conistanit shiared by I his specilic jtglii oal atnd 11lie
testorat ion kniowledge. or 1) 'v linking to ft(li prvnitws step IIt sortie HIMiattir. or1 I liroitghu1 ,omtv mtort
(0111plex mnechanismi like an inutentiion. Wev will ossu ime hi at t lie rest trait u ktiow h'dl~v can te I'itaule
specific enough.
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Figuire I ( shows it problemr solvinrg trace for dloinrg thle c 'yclic l oss lbot It befOre a ind aft er lea ilniIrg

when the state of the plant is savedl. Its flormnat resem bles thle ot her t races e.xce,) that thle SMall
of slack time is explicitly represented lbecause tIhe slack t ine starts ais part of' thle op~erat or aiild is
continuedl after the operator is terminated.

The trace in Figure 16 begins like the trace inl Figure 11 until lthe slack timie occurs. Wheii
slack time within an operator is initially dletected. rather thani just waiting. three operators appllv.%
These operators generate the knowledge to both split the operators ab~ove and recogniize when the
proper external world events have occurred so that the context can be restoredl. Trhe visualize-

result operator in effect does a one-step lookahead to (leterutille I lie act ioit's exp~ected result. lit
this scenario, the toss-right is the only action request that has been mnade. so vistualize- result
changes the current situation to one showing tire beau bag close to thIe left haud. l313 i)d1-recoglilitioll
then generates restoration knowledge such as that shown inl Figurie 15 for thle cyclic-toss opertMor
using the visualized result and portions of the current conitext. " hI irild- termina ;t ionl crevrt es I Ire
termination knowledge for the cyclic-toss operator. like that shown ill Figure 13~. but iiot lhased
upon any domain knowledge. The termination knowledge for the catclh (left) operator Is basewd
solely upon the existence of slack time. Slack time inl thIis case is recognized b)'y hothI the lack of'

immediately available knowledge and the fact that an object was requtestedl to be tossedl fromi thle

right hand. The cyclic-toss operator~s termination knowledge is based ii pofi the sa itie itiiformnatiou as

the catch (left) termination knowledge. and thle non-existence of alternative operat ors to uniplenienl
the cyclic-toss. This termninationi knowledge applies, t erninat ing ilie opera tors ini Figunre lj ý:
dloesn'~t end the slack time ( thleexternal world has to respotid~ for tlie slack timev to bev Thr Eus.
t. le agent nlow waits for thle bean hag to cottie close to t lie lef'tr liý1 tid oill tI(IP of the1( operý-. or. I rs
three operators have split bot h t he c clic- toss amld catclh (left )opera tors. w iile bur 1(11 n ihe recove'r *
nmechanisnm that ke 'ys off thle expected resul t of thle bean iibg bei ig chose to t lie left limiiid. ThIis i.
the basic miechianisnm of saving state.

We continue thle processing in Figure 16f whele the beanl bag is close to thle left hanld becaulse,
the recognition knowledge re-establishes t he remnoved conttext . Th le coti ext Is exactl lv the sa rue ;it

before the split. enabling thle agent to select tilie cyclic- t ss operator. agjill. aIrl t ilie ca;t cl (left)
op~erator uinder it. After catching withI the left. hand ati~l not~i ig t lie iniiritierlimte nevstilt. lie algentl
still has the objective to toss the beatn hag back to thre right haimidl. amid thle toss oper~iitor Is usetd
to begini achieving this goal. Oince( tossedl. we igaitii have-( slack t nire. t his t ileo moccrririg wit iriti
the catch ( right ) operator. [Iiis catch operator au iiltlie cyclic- t I 1 operat~or aIre again split III aI
similar iniantrer. The previours chunks lid iiot aIpl 'lv lwc~iirse thleY wete (lelpehletil t urpoti Ire left
halfd catching, riot. the right. Finall~y. wheni the bean balg is (lose to t ie right r;1iid . it Is cau1ght1

anid thle cyclic-toss is comipleted.

The night hiand side of Figure 16f is inuch si Iii ler. It showvs t lie c , ycI -toss olpei'ator beinig selectedl
and applied thIiree tittles in achtievintg t. lie c 'V.i.oss\s objective. Otice thle toss froth I lie right lIraid
is requested the . cictoss operator is t~ertiuitiatedl by thle previously lem-i red t erniritiation kniowledge)(.

*[ltis knowledge also remioves the objectives front cotisidermt onl. Wheni thre bea ii bag gets close to tIre(
left )fand(. t he restoration knowledge ap~plies. rv-creýai~ting t ie cotrtext . ar1(l tire cy, clic- toss openaIl oI

is selected anid applied. thIis t irre catchinig thle beanl ba;g. riot itig thle iiitertrredI(lit ;114 stt aiossiltug
it back to the right hand. [Ihis toss also takes Ilitre. soi thIis iinstance of thle cv *clic-ht ss operatm 'rI.-
atlso ternfinatedl. Finially when tlite be(an bag approaches tire right liuti~l. thIe last M.Ilsuire of lie
CYClic- toss operator is selec tedl. catch i ig th le heart bag, am ni clilevi rig t ie cYc IIc-to's~s s b lective.

'C reaitinrg this knowledge re(iqires datachuiniking [Nvwell, 1991)] rhe iOiiixt. 1tnwevi-r. ini l1.ine. iancc w11 haI- t~~e

g ienerator for th cwontx in xL i hi. origi i ii Ol i I ext loidin 11g pn 1m(1hiclls.
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Always Split Always Split Never Split
Save state R~e-plan (Always wait)

Cyclic- toss 3 1 .1 1
Robot pushing a box 43ý 40

Figure 17: Numnber or operators with splitting at, lS( NI slack tihue

Continuing the PSCM operator

C'ontinuing the wvork on the objective of the PS(CMv op~erator involves apply' ing other operators. All
important issue. then, is whether the correct operators %vi)) be available. Ou-r oilntetion i~s Ilhe ' a re
available because the applicable operators (after restoring the stale 11' necessar-Y) are exact lY those
that were originally available. Ini the left hand sidle of' Figure 1(i. the fi rst split, occurs aflter the
bean bag is tossed. A new p~roposal for the cyclic-toss operator was createdl by' t he lIiildl-recogiuit ion
opei-ator during the slack time. This proposal makes the c 'yclic-toss operaýtor appr)1oprliatehI.N available
at the end of the slack time. The catch (left) operator is available b~ecause I hie cowtext providedl v
the recognition knowledge is similar to the original context

3.5 Dynamic operators

We have shown that wvheni interacting wvit h anl external world Htht has u ucertiaint v iil t lie resulIts
it provides to actions, then operator termination knowledge fmust he learia ble. However. dis~till-
guishing between the sit uations where operator termination knowledge shoi Ild be lea ued nd~ tilIhose
where it should'not is dlifficult. Also. the operator I ertnination knowledge niavy be over-general, a p.

p~lying in situations that are similar to the learning sitniat ion bill I t hat dIon t reqlnire t he t erium i nat ionl
knowledge. To recover from the ap~plicationi 0!operator t ermuination knrowledIge and continue t11f
p~roblem solving requires that the context that existed before I hie terminat ion be rest ore(l. [Illie se
of operator termination knuowledge separates the knowledge iii an operator into t ;o components: an

aiction- request componuent, that dletermines what action shouild be done. aii(l a coinprelienld- resu It
component. that comtplletes the problemn solving associat~ed Wvit Ii he original opera Ior. iIn Otis sec-
tion we show that if operators are always split when anl external worldi a('t ion re(quuest is mnade. I lien
the rinumber of operators execuitedl to achieve some resilt. caii grow I renteiidloiislv. Al It liogh growl ht
can be modlerated by split tinug iti a less pedlantic mnannuer. I lIe( reaison f'Or split t intg reiina ins: progress
in thle external world is too slow, Iin short te ie x ternal world's response, Iimtue delinous I lie( gramiii arit~v
and~ nmumber of PS(-.'NI operators that a mtodlel itses to (l0 a. task.

Figure 17 shows t. le tniumber of op~erators tisedl to acliieve twvo tasks w here ei lie h erII( opera tors arl,
alway' s split after an action reqhuest or tiever sp~lit, . The fi rsit, ask is lhe fa iniiia ir c ' chic toss exalimijlf
and the second is a more compllex task of a robot. pushing a. box. 'I[he( iiodele tise(l for eaich task sent
action reqluests to t.he external worldl at each st~ep or its pla inniiig andf uise I the resiil Io v oriyen Iv luia
t lie plan was working accordling to its expectations. T he (kit a inl ihe fi rst ;umiu seconid collii ulin conlies

from a Soar system t hat, alway, s splits the operator w heniever ai ;iict ion req tiest is niiade. a idl t hell
rpstores the context when thle (lesi red resi It becomels avalale.lv so thIiat. ihe p~roessilig Iowa 1(1 tilhe

operator~s ohjective c-an coit inne.1' Th'e data. in t lie third colininti conies from a simtutiar Soar s ,vsterin
that never splits the operator w hen an artioli req ulest. is Ilmu t(l huti inst~eal walits 1111i1i Ow lielest red

1'The robot "Always sp)lit withI re- p'~lailiitg" is it fi ald Sil rii~titi(t Aon df I he XI W;Iva ~pt ~ ' ~I; i o, j i

actuially saved the planninitg state ratio r th~an getting roid of it, at ti-r iin 0 it Mid aiviILer ri sior ing it.
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response is foundn in t lie situnation. allowing t lie operator to colit till tie. [igi I re 17 S In lws I Iit aI a I wva ,vs
splitting meanis mnaly llvlmor operators ill bothl recovery, scettrioans. Thiese ext ra opferatIor's call Ii liii I
howv effective t. le agent canl becomne il (doing somle t ask. Thils liniii tatio olt5itows it p if* op~era tor." ate

beinig assigned sonme real time. like 50) insec [Newell. 1 9901. so t hat a ii odlel call be correla ted wit It
data fromt peop~le. 'rlite extra operators mna, make the miodel overpredict thle dat a. ITie lintitat ion
also rears its head when doing planning, for p~lanniinig is a NPi- hard task [( Iapitnanr. 198S7) an itd toro
operators reduces the effectiveness of ally planninig activity. Thie numbliler of operators lbecorlles eveit

higher as the granularity of interacting with the external worldl beconies finrer. To ease thIis growl it
effect, wve notice that we only want to split operators wvhen Ito p~rogress is beinig ritade during slack
time, not at every action request. Thie l~number ofoperators usedl bY a rttodel t hat uses It is split tintg
Philosophy to (10 a task would be somiewlhere between tilie never-split, andI otie of' fihe a Iwa~vs-spfilt

cases. Since splitting in t his mnodel is dlependlen t upon how qutickl ,v the)( ext erntalI worbd I itspliotil . t lie
numiber of operators is tultimately (dependlent oHl the respos I)t5 i rIt I It~ v ract (list its oftl ie e(x t erntal

world.

The number of operators to (10 a task would seemr to ortlv grow via Splhitting. ltow('ver. otme otf
the interesting properties of operator terminationi knowledge is that. lPS( ' operators split by' siclt
knowledge can rEcombine to becomie a single opterator again, if thle hPS( Nh is, defi tied as walit ntg

for all immediate knowledge to apply before selectilng ai new operator., Recoli bi rli ti ha ppetis if'
the external world respotids immilediately. so no slack tinie exists ili th li lr('viouslY s1)lif lPS( Ni
operator. Thus the conditions Inay' be right for oierator t ermniiat iont. bitt withI ilie e.Xt(r~ta I world's
respoiise available the rest of thle knowledge associa~tedi withI t ItelS(' P'S operator (.;I[[stillI a rpllY. If

lie operator is allowed to conitinue. delay' ing r he Itse of operator t ertiliiiation kniowledge,. t hetit hisi
execiutioni of the operator call achieve its object ive ilt t lie tiorniia-i niarirter. lThis reotthit i Illtg of' alt

operator. after it was split. againi shows how tItle respotise of thle exte(rniiil work rd (efl e., the it iiolt itt

of work an operator call achieve.

As a fitnal observation. when workinig coni plet ely with intIernially geneorated res tlts- (e.g. sili (1-

hating it sequence of events ats in planniiing ). sp)lit operato01s reco~nibinte. 'rIt is ii a mwits because, a ii
internal model of th le externial world p~rovidles thle exp[ect (d respol)lse to art actcion req nest titItIII'ie

ately. This recombining mlakes internal jprocesskiig. like lplaniiintg. siltlipler. becaulse tile ttrt ritber of
op~erators is kept low.

4 Splitting with Multiple Objectives

fn Section 3~ we were coiwerniet ottly witht clieckiitg titiat progress was beintig tittte duirittg slacklite
Hlowever, if we have multiple tasks. waitinig (htirinig slack t ittt totiti be (ontsidler(( itvieliciertt ttso

of' the cognitive resources available. Th'le lPS( 'Ni as a Sequtentiial operat or bot tletteck . t tat ts. it

execuitesj iust onte operator at ait fitile. WVheni wai ting ttg .he lPS( ' is ( bservi iig progreoss bei ttg nit ade ill
on(, of its tasks. Rathter t hant just ob~serve p)rogress. it iiiightt be a ble to tiatke pro-ress ((ii a liff'orentt
fask arid ret urn to thte origintal task soitei(tnile litter. lTo acitieve tnItttt tse' of t lie cogttit ive
resourcte, we would like to have thle lPS( NI operatteot oit me ofl its ottier tasks wMiett tlie work Ott t Itev
(tt rrentitl executintrg task is stispetiileti (waitiitg for art tevsult to be observetl). Ilitis ocilm((t do05(til)('s

'Soar cuirrertalv works ti s wav, Iiil t 14. d~tiilitioii of 1114. PSI 'MI is miioter atoili wliii ivit;(ble opriot~r;t~r,

'c)I.idf-lre(I for S(vlitjoi .. A~M PSCt ()Ii-rktir (iddih imciiitoliii t cvcral hitiet to,. cati ,Ietiiid I) itfriiowa

terminiationi kniowledge. Over tlime'. ;is thei operator aitiijs, titt(*rctit tri-iiitiiitioni kiiowledg.c in bi-oiii( app;li(abIc

possiblY starting fti sele'c(tioin process for a new operator. Flic IPS( 'is m.idiear oi l Wict her t lt(- Iiist intiatii )I

a;pplicable terttulnation kiiowledge 'tarts the dc'I(tior wlocvss. or if ~omi, other coniditioti o(II tie t'S( *N.\t hiretiit f ire

is itsed to dete'rminet that some* of thFis kiiowhedhge can bt- ig~iorvd. ',oar iises quili(Miii(( to It-terliniio tii, teriiiinaiollt

knowledge that, defities t lie' teriinatioiti onihtiotos of atit iiistaiio of tin operator.
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Objectives Tasks Operators

Figure IS: Multiple Objectives and Multiple Tasks

what keeps this transfer of control from happening in the PSCM. then (lisciusses two sohitions and

how models built using those solutions are related. B' v ransferring the (outrol I),twvee multiple

tasks we are able to use the available cognitive resources efficienitly.

A task is an abstract description of a process to achieve an objective. In PS('NI terms, a task

can be represented by either a large operator that may include many steps. or multiple smaller

operators each doing only a few steps. When working with multiple objectivws. either one has a
single task that can achieve all the objectives, or multiple tasks that one hopes (all achieve all the

objectives together. Figure 18 shows a PSCM ni model with multiple objectives. t lie first two of which

are associated with a single task that has multiple operators to implement it. 'lThe third objective

is resolved in a task that has only a single operator. while the fourth objective in .igure IS has two

operators.

When working with multiple objectives and multiple tasks. external ov,,nts thiat ,CC'c'r Whilhe
processing any of these tasks can either indicate ihati tie desiral)ility of working oiln onef, I lie tasks

has changed, that the application of one of the operators call I)roce(le. or that thlie achiievewieit

of a objective has occurred. As an example. tfle external world could ('hange ( ml trmli nal inight
burst into flames) so that an important task (saving itv skini) should ht errupi a less iii porlait
task (typing these words). In PS(CM terms. the changinig of the external world would make the

operators for fleeing, getting a fire extinguisher. etc. more salient. We wanit these iore saflielit
operators to be selected and applied, ignoring what. we are currently dooinig. Ili geirial. we woihld

like the processing of multiple tasks at the lPS(CM level to occur as just a seq(ueiicv of' clirator
selections followed by their al)lication. always working on the i most salient task.

U nfortunately, it is unclear how such a seq hence of PS(CNI operators conl(d t ake adva litagre of
the slack time of the operators. Utilizing slack timne within an operator lileall I lthal onle of t he

following must occur:

" Split the PSCM operators with slack time into a s( 1uiiice of'smller act'ion- re(illest . co•tljireh(end-

result operator pairs. , This sp)lit uses the operator terimination niec 'hainsin described in Svc -

tions 3.2 and 3.3 and the recoveryv imechaiismi ill Sect iou 3.1 Ito remlov lihe slack lime front
the operator but ;alow the task to con litie p)roc('ssing ill the fIntrm.

This option removes the slack tin i from t l•e operat''ors. Tlhus we lilt el'h;lvv small opierat ors.
and a lack of something to do is the only reason it) wait.

"* ('ombine operators from multiple objectives into larger operaltl's. Sillc' ie IlS( '.I has no)

"Thi. is a modification of Figure I in [('ovrigaru. 19921,
"if the external world is very elose, to the internal modelI then perhaps thte rcs.ilt dos1it.(, ited Ito h m, mmprtmi'heidmt

;And just a sequenlce of action-req(tie .ts is tweded. "Throug hout t ihi is papr. tr oi h I we wil r(eI (.r io ihid'. dipwral ors -L.
pairs.
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seqiut'itiality requtiremtenlts within ain op~erator appl)icat ion. onllY thle seui'(jiet alit x appa -1ren II

the dat a dlependIencies wvill restrict mult iple objectives fromt being pu rsuted ili parallel.li

creates situiat ionts like at thle top) of* Figuire I S where thle fi rst two ob~ject ives are proces,,sed bY
the same task.

This opt ion overlaps all t he available processing so that it occuiirs withIin a sin gle 4 iwra Ior.

Titus. any waiting that exists after combinini ig, is due simply to lack 4f ,, omiet hii ig to (d0.

e Break the sequential select ion and( applicationi of operators allowintg nimlt iple opera tors to be

applied simultaneously in the samte problem space. Rlosenbloom jihas lpropo)svd( chlaigi iig Soar
to allow this [Rosenbloomu. 1993].

This option also overlaps all* thle available p~rocessinhg, so h'at. it. occI- tir i Iii tlt a neýon, *l v. II t -
ever, it providles some architect ural assistaiice to the hanidlinig of I lie sli iiilt anvleusI t" k

Investigating the imiplications of supp~ort ing iii ilt i pe simui tlt anieousi ol)(ra i ors is, b~e ,olid I he "cop

of this paper. The next two parts of t his sectiont iiivest igate thle first two( iliet hods anid tow I hey are

related. We look at splitting operators at slack t imte anid then interleaving fi rst, lecas Ist lie sphil Iilt,

p~ortion should be famniliar by itow. T[le interleaving is fairly simtple aiind all thle inieclia iiis ills 1'0
interleaving are in the Soar and PS( N architectutres. However. int eract ions (a iil exist bet weeli t lie

two tasks. As an example. given the two objectives of paintin ig thle ladder ailtd Ilie, cvi lii lie. ~tmheati
should paint the ceiling first . This is a real p~robl~emi when workiiig wvitl ýIislt oper;t lots beca use

(luring a split we have removed the iniformta tion t hat ot her operators cotld Ilse'it I() cnist rai iiI tei r

behavior. After interleaving we look at two nijet liods oif colin illiniig operatIor.-. mlon I that requires

t~he knowledge associated wvi th a st ronig mnodel of* ihe iii eract ions bet wvee tia k>. iltd onie thatli

dloesn't. W'e show that the knowledge-lean sv' st en. breaks hot hi t lie lVS( cnIt lcepit of an opera; ( 4

implementing a funtction froin oite, state to another aiid (h lie anaiical (omlpl('t lol isti ptsi ioti . Tilti
we (discard it. Thle knowledge-nIch strong mlodlel syste (licomles Fro nit x i-ga rtt. I)¶192i. mitd wve

reviewy it as a method of' planniiiig act ions anid patrallelziiii iiidepeiideiit intevralct tiS With thIle
external xworld.

4.1 A second task: Robot pushing a box

We begin by mnodifyinig otir tossinig examp~le So that xve hiaxe mnti1ltiple operItam.. 4 rsIxa IklvId. lItI

add~it ion to tossing a heart bag front hand ito hand, we make our ;tgelii a r do itmid ,ivxe it ; ~e It

objective of pushing at ~o~x Fronm room to room . .\nI exaltivl p~roblemi ill Ilie robot (~It lail It, s shom t

at. the top of Figure 19). At the bottom of l'igtire 19. tie( first steps toward oligthle ptrobltemt
are shown. Trhe Puish-Box-'l'lir(Dloor ) operator hais beeni velectidv it t,ý Ilie4 Ilttxe-nrttitt ttll't
space as the first operator to try' for t his task. h'liis o~ri~ olt va' ililtol aIpplyv becatise ofl an it t1lt reolxet

p~recondl~ition1. As before, the PS( 'X casts t i ac fktoldeofhwt resove tIv fil. precondittion a-ý
a. task to he solved in a p~roblemi space. T'he task is Ibrimuilatetl to liaxe ;Iit itlit al st lte Ii.11'reinlt'

state of the robot ) alil ;inl ob jective ()I I lie tiirIesolvell pl-remdifl~htotto i tisi-l N 14 ut4' DI)4 HIt

operator (the robot. andi box are a~t thle door itf hlolit 2) itt t lie sam tte b x-Rlol i pndfldetn ,PýtCO

(®-. lIn this Mlove-11?oI)ot p~roblemu space the' go-I lirti(Dloor) Ioperator is1 si'leite', (( -t t)a 11 Ititis tieltil11

operator ont the path to achieve the obhject ive itf gett ilg t ie robot itin ilt mnn 2. iiiv wxrtn'¶(

It riu Door) operator also caunnot apIplY and t iiis allot her itew p~robh4lem SPate I" Creat e'd Ili) Iii resoli'
its lprPconiditioni. Finally we bottom olut whi'li th li' o-tot hoor ) iu)perltttr s-,e hic ;d.td iuallv\
applies DF Thiis application changes thle slate of* tive xternall world by hrilugl~igie I otu to t0 t1''

dhoor. Otice it. is att the dloor. the, term~inatalion criteria oh I lie Move. Robot pioddett plitwv [Or tOw'

"-go-to t ask is reached ((-) and at I lie Sliliti t l'tline I~ ic~thtot tIn g-titn 1o ) tta1

resolved so It canl apply (fj9. Ihis lvi)) o[ Jprocessiiig its re'peatedh 1ll1l61 onle of t he' plish- box t11-1 hirttI. I

29



Initial State Goal State

Room I Room 2 Room I Room 2

Problem Space
(name of task)

Move-Robot Opr-selection:
(move box) Push-Box-Thru(door) - to Room I PreConditions:

O Robot and Box are
together at door to Room I

Impasse

Move-Robot Opr-selection: Opr-application: Opr-selection:
(Go Thru Door) Go-Thru(door) into Room 2 @ PreConditions: Go-To (box location)S(4 Robot is at door

Request to go through door \
Impasse

Move-Robot V Opr-selection: Opr-application: Task-termination:
(Go To Door) Go-To (door) PreConditions: Success - Robot at door®PN none

© Request to go to door

Time

Figure 19: Second '[ask: Hobol i)tislhing a box

operator preconditions is met T. Note that we still have riot reached the point t hat the pinsh-lbox-
thrii operator can apply. So tlie termination con(lition for thlie second .Move-Hob)tl probllemni Space
has not been reached anti other operators shorld Ibe availabl)he fr select ion ar(d applicat ion iln I Ihat

space. [huts, we see another selection of the go-to operator (DI the far rinth t send I he 'obot
to the box's location.

Now that we have two ask.s defined. what are thw issles ill co|inbi|ilnig I erl l I lihal Wo rail

juggle anid liove at the saitie tine.?

4.2 Multiple tasks via interleaving

We showed ill Section :1 that we colildin' mist wail wit hin all operator fOr a desired extertial wuirhl

response because of tile unticertainuty of the external world producing tll (sire(, re'sIorse. \W',
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then showedI that splitting ain operator inlto anl act lol- request component(11 amid( a c()iiprelieild-r('sui t
component removedl the waitinig timie for tilie (desi red result froiii XVI ihin Ilie opera tor a 1(1 st ill
achieved thle objective of thle operator. Ini this sect ion,* we have at dIifferenit reaisonl for not want ing
to wait withlin an operator; we want to miake progress oil ot her tasks while waiting. S plttting
the operator allows uts to mnake progress onl ot her tarsks. lbecaulse it remioves I lie oper-at or for lIhe
suspended task allowinjg other operators Ito be selected. If I ese ope) ratIors are( *(i ofo I her talsks Ii enIvI

the agent can make progress on these tasks while thle first task is siuspiendedl.

The problem withI sinmply splitting is that t.ihe operators for ihe secoudti Iask inight Iniiterfere withI
the operators for the first task. Nonlinear planining handles t his sitnat ion If tile knowledge of whIiichi
tasks are being combined and what all thle operaItors (10 is available. IlIowever. split t ing reniovvs I lIew
context oft the split operator aiid thu is thle knowledge t hat, wouitld be tlle vniost uiseful Ito aI plan I Iler. AII
exam ple interference scenario is t lie robot. at tenipt inig to juggle a 11(d open t lIe (lo(or At IeII( simiv ie tInef.

Since the robot requiiires tile [land t hat opens t he (door to( be enpi p1 v. Ithirowinig thle lbea ii bg to t 1i(
hand that has beeni directed to opein tle (door int erferes wvithI openi iing the (door. I-i kewise tatiu

to open the door with a hand. might ailso interfere withI thle catch-inig of aI previously iiv thown bea ii

bag to that hand~. This is not simiply' a case of nionlinlear. plaii iii g. because 1tie spl itt i ii relii( Veý

the easily checked context and expect at ions a b)outl bothI the t ossi hg, anid openling ohbject ve~.sA
nonlinear p~lanner would use tilie conitext to generate thle colistmriiit onl Illie act iotis.

( ontrol-ing the interact ion. when iplitting, requires knowledge about both Ii liteut eiionlt

catch the bean bag with te [lhand and tilie initenition to opeli tflie' (door with 1i I lie alid. On1ce we
have knowledge of both intentions, then knowledge can lbe lea rned htfii (-0115raiiis f ie (, '0ni

that the initerference is avoided. This cotnstra ininig kiiowledge ('al ii egeea e belbi-e lie celli ario
occurs by planning, or it could he generatedl after thle scenario c-ui rlls 1) replakvilug wiw a ;Ihappa'Iied

Generating the const raining knowledge by pla~imfing Is diffifi-tilt. beca use Ilhere i., I)( b c ii t I lie

p~lan other t han timie going forward. Let s go back to our exam pie where the lea i bag is1n lithe
air aiid the agent wants to openi thle (loor withi tilie (-ach-iiig haind. To dlet ermine ai pmir in hat t lie

catching hiandl should iiot be used. we have to set ill) ft(li situnat ion so thle conflict is appamrelit lHit.

imiplies that we hiave to set iil thle coiidit ions of thle b~eain bag hei iig (lose toi fliect, c;ii igha' limid-

But how do we determine that this is lie salienit coiidit ion to set tip?) lerhiaps lie mloveluiel o f
the bean bag woiild( providle thle necessary ci ie ( II, However. doinig t Iiis Iw plakimmiig do)es not seel1 ;I.a

.straightforward as looking at. aii error Caulsedi b anl interaict iou

The constraint for tossing to the hand opeulluig thle door1 woiild be, siiiilahr lii Fortii to tie re(o\very%

knowledge of Figure 13. It. wouldl also rec-ognize I lie ilii (lit ion l usthgIle cat cltiii Itai or opeliiltt

thle dloor. The actioii of thie const naitt. would be to t-est i-nt 1tie beau balg fromt beim- ii.I se to tie

hand engaged iii opetninig thle dhoor. Like the recoverY kiiowvedte. tile totisi rmiint knlowledg~e also lia,
to be linked to the iiteiition to toss t lie beanl bag. or it wouild be overgerviel-A. A.- tuetit outied blwIlre.

these intentions could take mnaiv Forms. 'Il'ie i'ssues stirr1111intiuli 1141 lie ectl~ Miii ]tol prsusi eice

are tile sutbject of' furthier research.

4.3 Multiple tasks via combining operators

Combiininig op~erators tineauls t aking the port iti of aI ,et of taisks, representd )l by a se t of' opeu-ators

and~ dlecidling to make a sinigle task out of doing I lie( oper~ioi-s toet~v lien. This nevw astk I., represetit d
1) va si t11 iv operator (we'll (-all it I Ie (, '-4)peri-or) iuii I lie act t1;1l lpto(('(iit( is ituarto I tie way ' v at;1

ficV(i-ts operator was learnedi in F-igurie 2. ( )nce- fegutim. 11 miore' per;i ti s h~oenee tiabe

tlie.sf new operators miighit, joini flie, comtlbiillg procvs. ( 'otlliltii pnutir in IIol-ilia it lieciusi

it (-.ii i-aiist previously iiiueii'iiieuit task., I() he opetatel o)ii ill parallel~. I iisred uniligý th lime 1114W i
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do both tasks. It leads towardl larger aiid larger operators that encompass iiiore andl more t asks.

The first issue with combining operators is that t he tasks they' represonti iuiight not be comipletlvy.
independent. Non independent tasks interact with at least somne of thle act ions in one Iask aiffecting
the performance of the other tasks. This is the samne nonlinearity in plans to reach conji jlctiVe1

objectives that we saw in Section-12. Hfere we are srn ply' initerleaving in at sidh-goal. Th le agent still

has the interacting task problem and (l-aii either plan how to achieve all t hie tasks to (let eminino Ihli

-~best waV to handle the interactions, or it could assu tue interactions ar;11.(01 lnoinoii . aniid fix ai ivý
problems when they come tip.

The lack of simultaneous comp lletioni of t lie operat ors in I hie con ibii at iont pr ocess I, t lie secon d
issue with combining operators. A range of opt ions is availablle for 1 erini nak~t i g thle ('01llibii at iou1

process and its associated ( '-operator. At onle eiidl. tvermuina lion occuriis whlienal ;11 li era ([,I;to r-s heifii g

combined are conipleted. At the other enld. We teri'hiiuiae when thle first op~erator' (oltiplet es. W
will explore systems at both endJs of this range.

We will go over two methodologies for comibining operators. The first miethodologv is frouti [( o%--

rigaru. 1992] and stresses the planning aspects of conblining. ( ovrigarti terinilitiates the (-operator
only when all the operators in the combination process have t ermjinated. Trhe second iie, liodologv

is k now ledge- iean. It always starts the combination proc)(ess When Slack t imei is (Icomiiiterel for ;nti

operator. this initial operator is the ( -operator. It ignores thle p~lanin iitg aspects so it Iitas 110o iwe

of a model of how operators interact, It terminaltes thle comibination process whlen t IeI( C-olerat ii

has completed its origi na~l function. possibly leaving on ly partially ('011 llet d ilie ot her opera torý,

being combined.

Planning the combination

('ovrigaru combines op~erators in at deliberate way v usinig a strong rinodel of' thle inuteract ions bet weThlt
act ions and generating at plan that opt imizes tilie ýssuiiiig of ;ill the atct ions fronti the coin i bininii
operators. A st rong modlel has initteraction in format ion for all thle possible int erac tion Situiatlions.

He also uses the interaction Iniodel when at new operator becomies aivailable to dlecidle If thle (peraftor
should be added to t lie combination process. Thiis p~lantiniirg is t lie st renIgtj It of ( v rigai ri's wm-ik.

By careful planning larger and larger PS(' N opera tors are( ('reiedIel t ha ti eiconipi pass I lie k itow hedge

of (dependencies between all tlie( actions t hey call issule. Ti'lis I lie aIctioiis a1ieviot onl lvy issiie it[ a;m

iniplementable order, but in parallel w hen possible. 'I'he( weak ness of thle work is 1 Ii;at it requiiiros
a niodlel of the in teractionis between actioiis to (10 trh. lIie la i ring a ti(d to decid if a new% opera to

should join the comibination p~roce~ss.

Covrigarui starts his procePss of -ornbini ig ope(ratiors b)y explicit lv crea t i iig aiiew P S( NI il(!~ r

called a "mrerge" operator. wvhenever thle correct conidit ions exist for iiierginig ihe taisks t ha t 11lie
available operators represent. Thhis iuierge operator execnte0s Ilie atctions iii' all ie( to- be-nmerged
tasks. Figure 20 gives anl example of mnerging, 1) showing t Iiree operators 0 t li circ(les at thle top of

the, triangles) with their aissociated actijons (thle sequpence (if boxes iI11iiler thle opterator") Il thle tofu

p)art of the pict ure. fin this task only Iwo of the operators. piisli-box-t liri( Door) ,~:idltoss Iri~ht
are initially available for select ion. T[le opvral tI or toss (left ) becomes select~ aNbl w lienl It( l )ie itau 1baI
is ill the left, hand. Instead o~f processingr the operators seqieiit iall. a new operat;1or is cleated t fi1t

mnerges t ie( act ions of t he three operators ais shown iii the boilloiii part of l'igii re 201.

Covrigaruu iises a dleclarat ive Forml of thle operator a1ctions anld a1 mlodel of how I lieat oi

itnteract. to control iimergiumg so) that the( resulting ipelertor issues the aict iou requiests in aIt lealst ;In

aichievable, and possibly opt ifnal. mmaunmer. When ;iri xrttion fromi a) sitb-o)perat om b~comles aal
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aak-

(a)a

OP- Push- Box -Th ru(door) while Tossing

a1  b b ,  b h. a1 dn- an k-I Ck

(b)

Figure 20: Mlerginig of P',( \ operators7

to be requestedl it is lheurist~ically evaluiat ed alotig Milt all thle 0! leuavaila ble ac(t ion." toocieil( th

next action for thle merge operator to requtest. lit ou r case, wve can i a rhi Ira ri I y et t Ie her i rlis c
(,valuation fuinction to prefer miovinHg thle rolbot over t ossin itia bean bilag. V ole all thle act Iions for
push- box- thru( Door) will b~e preferred over toss ( right,) act ions. lI~t sinlce ps-bx i r ~o
has some slack time, its actions are riot. alway' s availa ble. alIlowinrg ft he act uiris assiic iatIeil withI to-s

(right) to be requtestedl itt what would have been the slack trite of thle j)iisli-hbox-t lirri D~oor) operat or.

If a ntew task. represenltedl byv an operator. heconries available duri6n11 thle iteginigý process ttr

this new task cant he added to the set of tasks b~einig irirgedl andt Its actitoiis caini aio lie corlisjder'd
arnd reyuested. Trhis liappenis iii ligurnu 20 wheni thle toss ( 't)opera!o bi hcornies available ~for

* ~~selection. Trhe toss (right) operator has comnpleted( ainid the plisli-box-tiuii- 1door) opera ton ha"i. iiot
comipletedl. Hlow the new task will affect thle currenti cotnilunied task Is checked before tie iiow

task is allowed to join the miergirig lprocess. Chlecking uises tre saneinio moel iseil tod(let('rijrile thfat
the original tasks should be ritergeil. The tnierge operator is comipletelY applied when ll ;I of its
sriib-operators have coniplet lY applied.

Figure 20 shows that what is really' happening is I lie actunal opera! ors (that do I lie ta~sk) are fwinigý
interleaved ini the sublgoal. [Ihis initerleavinig is donie under thle contr ol of tIIIe planning- irruhiannisIni
Chunrking is convert ing t his interleaving Inito parallel applicat iois. whient ossibfe.

[h~jis is it two twsk inioditicailioi, of figitre 6i in I ovrigaru [ovrigarll. PI'M21 whe~rc I li os In'.' ) ipraIor t)w~onthI'

aLvailablel for niergirig when I Iw. loss ( right) ot -rator has copit,;ilt.
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Knowledge-lean combining

All alternative knowledge-lean nietho is(11 to start conin )1niniig operators wheini slack t rue is hioticr( .

Slack timie causes anl imupasse to occur beca use thle (definlition of slack t inre Hi c Iides a lack o
knowledge at the PSC' I. This lack of knowledge can bev hiandled ini thle sa~nie 1rialtiner aIs ;ll or her

jacks of knowledge inn tire P.S(A 'iiatnael by ) the crea tion of a prolblein spatce to a 1d1ress th lie lck of'

knowledge. Thre task of t his problemn space is to fiurd aI lPS( ' operat o~n 10 rio. It' operar ors fromt
a prolblein space are eligilble for selection then posinrg t he taisk iii at allows t hese opera tors to l1e
selected is one of tihe ways of finding a PS( 'N operat ion to (10 duniring ft(li slack t i rie. Vli rtuin oat elv

Irhis inethiod of ('ombiriatiori causes tOle function iruplerinerted 1) thle ( -op)(rator to becoiiie ill-

dlefined, having side-cf fectrs t hat could riot l)(' e'xpect ed wheinr thre op~era I or is select ed or t errilii riated.
It also ternfinates tlire colrili nation p~roce'ss whlen t lie( '-operat ( r ('riliir at es. ca Isi rig tie lariati call

assurniPtion to b~e violated for thle o ther opera tor's iri thre (0111 himation prloc('Ss.

(Ponibining op~erators at slack I irne causes f ie( operatIor fir ct ions to lwecorrie ill-diefi rel e ca l-irse
it overloads the mneaning of tlire slack t inie liiipasse. W hern an inipass occuri s i rihle P.SC ( '\ bca rise

anr operator cannot comiplete. the task t hat is fornoilated for liat minpaisse ri(1 r lie( knowledge

learned are supposed1 to resolve the lack of knowledge that. caulsed tihe irulpasse. Ini thle case of slack
tinie. a lack of knowledge exists. bu11t It is a lack of' knowledge ais to what to dto whiiile avaith i1`0fo
aI response froin the external world. Il, thre past we have select ed checking progress onl lie( orilginall

task as what to (10. But in a. roult iple task rriodel, we wa int to consider workinrg onl anrot her task

as a mnore reasonable alternative. Trhe ('-operator in Ii his riiet 110(1 is t Ire origi lili opera t or' Ir t1 hiad
slack timie. Howvever, if we select operators for other tasks to nin riurinrg r lie slack t inrri of tiel

('-operator. knowledge ablouit t hose operators is leairned inI t le context of' rlie ( -oilvr;itor. [Iris

knowledge is independent of the furrctioni thIe ('-operator Is nirpleirientirig ;1ri(i can be aipia ll i
other situnations. Tb is. wh len thle ( -olperator a sI ri tire frit rire, it chiia ries tire sl~ta teaccord i ri

to its original dlefirnitioni. birt it also m iglrt rinake ot her c hanrges to tire state thiiat are,( riot rea;l l v Ijmrt

of its original definition. These extra changes nighrt, ('veil caruse t lie original (ieliriit ionl to fai~l. F'lits
wvould1( mean thIat, Hire ( -operator and tire know ledge lvaea r(( frorrr t ii srib-operat~or it nler~edl wýithi
each other.

C hanging tire fuinction that a ( -operat~or innipletnieris canIl riake previowsly* leariei rueid (-(i)I -) knw- ifN

edge i tcorrect. If tlire cont rol k nowledge thati grlide(s opera tor* selec(t ion Is tIhe sairIeto for all I IIit l Ia iotIr
thern changing tilie funnct ion i Il~l penien ted will work fill(. liecaurse tIre ne(w firrict ioti;rnl m ~itirrs to r lie

('-operator will aipply' only* when the oilier oper';ior is available for selectlolln loee. illee'a
cn-rtrol knowledge resp~onids to dilfereurt, sitiiat iorrs with Ii (lillreit opu'rtiori selectloris. l'liiis. 'yenu

Irorigh the ('-operator is correctly' selecte'l Irle airxi har rv chltiprigs it iriakes rurav riot be desir;rbl''.

This is niot a prolerin for ( ovigarln lhecallse the { -(pera tor, Is ;1%.l 'v vs ;I new 11pea ;nktIr Iis deperil-
onitt iipon a tie fromi the sitnaller operat~ors. Thluis new 'ont rol inf~iloriat ion ha~s to be lea rli('(l or~f
lie new op~erator.

Operator termnination has a simillar lprobel)'r. Ill t his inviet od, unilike ( ovnrgairrrs cmrlinoirrit11

pirocess. thre operators being comlbined are-( riot ttert~ed equally,%.. Ini ml-lr~icrilar. t11re 'isroeruo
terinrinate'l when f ie('-oear is corripleted. IlossihnlY b)('0r4' thle 11;1,~e~io Ii coinjl('t i'd.

Hr lnss this noni-cortipletion is hlanidl('d. t lie ltariat icl operator aIpplicat ion as"suruIpt() ionll 6e vii60

kited. If thre termnunat ionis onlyv happen ait slack tlinev. thlen we canIl rise tl( lie r-plannirrir"ignet od td'

Section :3.I to r'ecover andn (onipl('t(' OlIe sinb-opir;itor. Ilowever. tenni'ntit ioirs carrocri (cr' atf oilier

tittls iii Soar aind thle lPS( 'Nplici's iio rest rct ions oni thIese tei'niiinrations. Hl'lrs. lisingý th Irk iremhd

of ('nih~i ingntakes inip~lellienitirg effective finnict nuns viat opi'ratrrs liniirmrsilble to Igra;rirt r'e.

[hiis me~thod of combnihirig operators vioklaes too ii~iani of' our issilllrfit Il ohs als to) rowv PbýNI
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and Soar systemis should work- without off'settinig blleieli Is Io mlerit fu it l,'wr Eroi(I)iilratm

We included it in this paper because it is anl obvious mect 110( for coniin 11iii tg opera I rs, ;ifi frdod by
the Soar architecture. and wve wanted to describe the problemis withi it.

5 Discussion

W~e have introduced a number of key jleits relat~ed to thle persistence of ob.jectiiyes. 1li heiri 1st is hat;
the fanatical completion assumption entails situations fit which t lie, persist eiice (of anl opera Ir"

objective exceeds the desired persistenice of thle ojerator itself on tile goal stiack. \\lieti aii o1) jctyes
persistence exceeds the desired persistence of its operator. we split thle operaltor. [lihe [plit,
accomplished by a dyniamiic redefinition of thle operator~s t eriniiiia~tion kiiowledt.ge wIi icl Ii iv ()If

necessity, be overgerieral. This overgenerality ha~s two consequences: 'It I ay i ) rv~Ia; I II relyv It -I I 'rti nI (

the operator under inapp~rop~riate conditions in the flit fire. aInd it mlay' catse ;I signillica iti Icra ill
the number of operators required to achieve an objective. BothI t hese conlsequenvices aIre atne0Ilora ted
somewhat by Soar~s (delay of termination until quiescence -- if I lie world reacts wit lii ii 1Ii' l ii boillsk

of the decision cycle. a split operator effectively' recomibinles. Of course thle process of sjditt lug
reqluires a concotmitant process for continuitng work omi thle oblject ive alt ;Il ii ap Prr' iinate I iio ill till

future. Specifically*,v it reqluires a potentially (difficuilt coutiext rest oraIt 1(11 procesý a;111(1 1 uisdera tliomi

of the indexing involved in inivoking thle res;torat ion.. \ Ithlioigl we haive )i vem onll mm as bd : For Iiitw

to handle indexing andl restoration by taking alvautitage of thie context that i Is ý,ill ýiv;iila le dirii
h le slack time that leads to split~t ing. t his is clearly ain area requiring Ili rt hier rovea rclii

Neit her thle persistence of an obljective. nor thle ,ont ext rest ora t loll p ro cessý ii;us ii p por t froi tI tie
Soar architecture at this point imi timie. However, a relevant p~roposad l i as bveen iniadv. li' wo r. Ill
lie form of maintaining several complete conutext s ont hei( gaml staick [Rosen bloomti. I199 3]. ( nisider

what multiple contexts would rnean for t lie c 'yclic toss examiiple. It' we had1( 1iiuilt ple ciltritext s off

l ie( goal stack. thlen we could mnaintain t lie context of Ilie cy' clic toss I Ildelii lilt vlY wi ii'' doIIii ()I ol(ier

processing. When thle bean bag got to t lie ha tid. t lie c ,yclic- toss opera I or woul his1 iiply c 'n tin ii''.

Thus. it seems as if the cyclic- toss operator would neverI haive to sp~lit . aIi Iilo no ( itext rest ora t (Iii

knowledge would be requiiredl. (i fort if natel *v. t lie lprolbletin of torrumitiifiatt ;I u cYc Iic-ti 's oper.i I I I

that will niever complete renmainus. This is the case of tossinig t ie( lilitiirri ballooni. Fle tertiifltiationl

knowledge in this case is still likely to be overgenieral. Otice It. ha~s beeni crvtleate. eithIer I lie c ,vcl ic It.
operator will be lost, or some sort of recovery process will haive to occur. iliis m Iti pie coult e.\ts gv

uts some architectural support but (don't, solve the funIdam~lentaIl lprolvilltti 1,0 split i li'- recoery

Indeed, it mnay be pretnatitire to consider aircliit ectIi i-a siiplport Ilecause t li issues IIu lined hiere
hiave beeni evoked by considerinig only at narrow range of Ilie l)(rtikitilt lpli(ltII unena . ['lie exa inlplvs

gijven her(, can be thought of as a mnismiatchi of persist (lice inl I Iliesti Yet 11'ifwe cotisidler tI e broald

range of objectives hield lby ain agent thait aJcts over. eýxtiVidedV Jper~ls of I tie. it ý,fwtiis clealr that1
mnost of those objectives p)ersist. long be)* you fiitlie lthi tat iou of tile i mIdlividIIa I operatir litetild it)
achiieve them. l"fit amother way,. it. is fnot. thle itorimi that1 anl aIgent liiis tIlle opport ttit vl to cat- nt aI

"s(Peqnece of operators to achiieve ani objective witIil t itielY v espotise frlion tll (,le etert;il oiivir(ititteiit.

Intstead, oIllr (I ' vs are piinctuiat(41 I.- th le nleed tol orgatiz o/u(Iir resouirces t~ (iii co 'iip.M sat 1 1' I rtlie
delaYs between when we form an Initentitoin to alchieve ;iin ob)ject ive and( whien tIlle world Iresentk
the opportunitY 'v.0 pursue tHie tnext. hiiititioiiai step. We timiglit t liiiik of' this as, aI tuisimatcli ofI
persistence in theif large. Before tirchitectuurid chantge (iiiit co)iuie. we tiilst first mii iertist a titow tIli'

%V-can also cre-ate' ixainphM wliqrv- thle t)(rsishuli' of din iitiraior', obccivicuI i, hotict(r Ithiui t~it )I(LJor

pe~rsistence, bill these' cwws ;kre'Iyjicd~Iv not prohifjualici. .\,u';It~ t o tlip riil)IIi'm ol 11i.s ourt ofI t(rI,- 'i(iiillu

is shown in [Aktviirek. 19921.
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notions of spliting and recovery can be spread across thle cuirrenit architiIect ii rail niecia nisnis fOr
persistence in at way that makes sonme uniform sclls(, for miismatches hin lie, sinall and l nthe large.
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